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  Preface and Ac knowledgments    

 The primary purpose of the  Applied Clinical Pharmacokinetics and 
Pharmacodynamics of Psychopharmacological Agents  text is to offer students, cli-
nicians, scientists, and members of the pharmaceutical industry a comprehensive 
yet practical information resource for medications that affect the central nervous 
system (CNS). Part   1     presents the background for the pharmacokinetic and phar-
macodynamic principles for agents that must reach the CNS to produce their clini-
cal actions. Drug development and clinical application for the psychopharmacological 
agents have progressed to incorporate biomarkers, such as positron emission 
tomography (PET) scans, pharmacogenomics, and sophisticated mathematical 
modeling with population pharmacometrics. These chapters provide the readers 
with a foundational background of these exciting areas. Each chapter in Part   2     
offers an important focus on psychopharmacological agents that reinforces the 
basic principles in Part   1    . 

 The Part   2     chapters portray a broad scope of psychopharmacological agents 
that are available in different formulations, such as long-acting injectable antipsy-
chotics and oral extended-release products; these formulations promote ease of 
dosing administration and enhance patient adherence. Some of the earliest works 
of pharmacokinetic- pharmacodynamic modeling occurred with the anesthetic 
agents, which formed the basis of analysis for the remaining psychopharmaco-
logic medications. Pharmacodynamic parameters assessing CNS drug effects are 
challenging and frequently involve a variety of measurements. These measure-
ments include patient clinical rating scales for effi cacy and adverse effects, serum 
drug concentrations, physiologic assessments, pharmacogenomic markers, and 
imaging technologies. 

 The chapters in Part   3     concentrate on drug-drug interactions with psychophar-
macological agents. Drug-drug interactions with CNS agents can occur via pharma-
cokinetic and/or pharmacodynamic mechanisms. Part   3     serves as a valuable resource 
to aid clinicians discerning clinically signifi cant drug-drug interactions commonly 
encountered in patient care. 
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    Chapter 1   
 Pharmacokinetic Properties                     

       Mark     S.     Luer       and     Scott     R.     Penzak     

    Abstract     Pharmacokinetics is the mathematical characterization of the time course 
of drug absorption, distribution, metabolism, and excretion. Over the past 50 years, 
dramatic scientifi c advances have revolutionized drug development and design and 
clinical decision making. These include improvements in quantitating drug and 
metabolite concentrations in biologic matrices (plasma and tissue), measuring drug 
effects, and understanding how genetics, metabolic pathways, and drug transporters 
infl uences drug disposition. A major challenge for health-care professionals in clin-
ical psychopharmacology is in understanding and adjusting for individual differ-
ences in a drug’s response. Knowledge of a drug’s pharmacokinetic characteristics 
can be leveraged to help resolve these issues and formulate rational drug therapy 
decisions. As an example, understanding the absorption and distribution character-
istics of a drug allows one to predict the amount of an administered dose that is 
expected to enter the bloodstream and reach its site of action. Further, an under-
standing of drug metabolism and elimination allows for the prediction of drug con-
centrations when it is administered on a repeated basis (i.e., under steady-state 
conditions); this allows for the rational selection of dosing regimens. Dose and regi-
men selection must also take drug interactions, genetic polymorphisms, comorbid 
conditions, and aging into account since all of these can impact drug exposure, 
effi cacy, and toxicity.  
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•   Poor metabolizer   •   Extensive metabolizer   •   Ultrarapid metabolizer   •   Inhibition   • 
  Induction   •   Drug interaction  

1.1       Introduction 

 Pharmacokinetics is the mathematical characterization of the time course of drug 
absorption (A), distribution (D), metabolism (M), and excretion (E) [ 1 ]. Taken 
together, ADME processes relate to the intensity and time course (onset, duration, 
etc.) of drug action, as such their understanding is important to guiding rational drug 
therapy. Over the past 50 years, scientifi c advances have revolutionized drug devel-
opment and design and clinical decision making. These include improvements in 
quantitating drug and metabolite concentrations in biologic matrices (plasma and 
tissue), measuring drug effects, and understanding how genetics, metabolic path-
ways, and drug transporters infl uences drug disposition. This chapter will provide 
an overview of how ADME and its applications may be used clinically to enhance 
the effi cacy and minimize the toxicity of centrally acting pharmacologic agents.  

1.2     Pharmacokinetics of CNS Active Agents 

 A major challenge for health-care professionals in clinical psychopharmacology is 
in understanding and adjusting for individual differences in a drug’s response. 
Knowledge of a drug’s pharmacokinetic characteristics can be leveraged to help 
resolve these issues and formulate rational drug therapy decisions. As an example, 
understanding the absorption and distribution characteristics of a drug allows one to 
predict the amount of an administered dose that is expected to enter the bloodstream 
and reach its site of action. Further, an understanding of drug metabolism and elimi-
nation allows for the prediction of drug concentrations when it is administered on a 
repeated basis (i.e., under steady-state conditions); this allows for the rational selec-
tion of dosing regimens. Dose and regimen selection must also take drug interac-
tions, genetic polymorphisms, comorbid conditions, and aging into account since 
all of these can impact drug exposure, effi cacy, and toxicity [ 2 ].  

1.3     Principles of Pharmacokinetic Models and Relationship 
to Psychopharmacology 

 From a pharmacokinetic perspective, the body is often characterized as a series of 
compartments that are reversibly interconnected through a central compartment. 
Compartments are purely mathematical locales and do not necessarily represent a 
specifi c physiologic or anatomic area, but are fashioned when organs and tissues 

M.S. Luer and S.R. Penzak
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which display similar pharmacokinetic characteristics for a given drug are grouped 
together. Because of these similarities, it is assumed that a drug within each com-
partment is distributed homogenously, and drug movement in and out of each com-
partment displays consistent kinetics. By establishing these compartments, 
mathematical models can be created to characterize the separate aspects of ADME 
to describe variations in each and help predict drug actions. 

 Drugs that behave mathematically in the body as though they reside within a 
single homogenous space are described using a one-compartment model. These 
drugs are treated as though there is one central compartment into which they are 
absorbed, rapidly distributed, and eliminated. In reality, the body is not a single 
homogenous compartment and actual tissue concentrations will vary considerably 
throughout. However, in using this model, it is assumed that there is kinetic homo-
geneity throughout the body, and thus the rate of change of drug concentrations in 
one tissue will refl ect a corresponding change in drug concentrations in all other 
tissues [ 3 ]. Typically plasma or serum drug concentration data are used as the pri-
mary reference for this compartment. Consequently, a 10 % increase in plasma drug 
concentrations would be refl ected by a 10 % increase in tissue drug concentrations 
over the same time frame. For one-compartment psychopharmacologically active 
agents, this relative increase in tissue concentrations would include the central ner-
vous system (CNS), which represents the site(s) of drug action. 

 Unfortunately, not all drugs fi t well into a one-compartment model and this 
includes many psychopharmacologic agents. For such drugs, their tissue distribu-
tion is not necessarily rapid or uniform throughout the body; consequently, rates of 
change in tissue drug concentrations do not consistently match those of the central 
compartment. These drugs are typically described mathematically as having multi-
ple (two or more) compartments. Such a situation can easily be observed when suf-
fi cient plasma concentrations are plotted over time following an intravenous bolus 
injection of a drug. Upon injection, plasma concentrations will initially be high 
because all of the drug is located in the blood. This is quickly followed by a period 
of rapid decline in plasma concentrations, due primarily to drug distribution out of 
the central compartment and into the tissues. This period is called the  distributive 
phase,  although some drug elimination (e.g., metabolism by the liver and/or excre-
tion by the kidney) also occurs simultaneously. For drugs with three or more com-
partments, multiple distributive phases, each with distinct rates of decline may exist. 
As each distributive phase may last from minutes to hours, they can only be prop-
erly delineated with multiple plasma concentrations obtained during each phase; a 
process that is not typically feasible in the clinical setting. Finally as drug distribu-
tion reaches its peak, a pseudo-equilibrium is established between the individual 
tissues and the central compartment. The continued decline in plasma concentra-
tions will now slow, and the subsequent changes in plasma concentrations will now 
largely represent drug metabolism and/or excretion. This phase is called the  elimi-
nation phase ; it is during this time that a drug’s elimination half-life ( T  1/2 ) can be 
calculated, and it is anticipated that subsequent changes in plasma concentrations 
accurately refl ect changes in tissue concentrations throughout the body, similar to 
that of a one-compartment model. 

1 Pharmacokinetic Properties
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 For drugs acting on the CNS, pharmacokinetic modeling can be even more com-
plicated. Let us look at an example in which a rapid intravenous bolus injection of a 
drug is administered into the central compartment, and the rate of drug distribution 
into the tissues relates principally to blood fl ow. In this scenario, drug  concentrations 
in highly perfused organs and tissues such as the liver and kidney will begin to 
equilibrate more quickly with changes in plasma concentrations than would drug 
concentrations in poorly perfused tissues such as muscle and fat. These rapidly 
equilibrating tissues are frequently grouped together with blood since they have 
similar kinetic characteristics and are treated as a common central compartment 
where drug absorption, distribution, and elimination occur. Similarly, less well- 
perfused tissues are often combined into separate peripheral compartments based on 
their like kinetic characteristics. 

 Characterizing drug disposition can be diffi cult when considering certain organs 
such as the brain, which is highly perfused but is separated by a series of physio-
logic barriers including the blood-brain barrier (BBB) and blood-cerebral spinal 
fl uid barriers (BCSFB). Because these barriers are lipophilic in nature, a drug’s 
physiochemical properties can determine whether it distributes rapidly, distributes 
slowly, or not at all into the CNS. Consequently, the CNS may actually reside in the 
central compartment if a drug’s distribution is rapid or a peripheral compartment if 
it is slower; it all depends on the drug’s individual and often unique distribution 
characteristics. 

 For purposes of this discussion, psychopharmacological agents will be treated as 
though they reside in a dynamic system consisting of three distinct compartments 
(Fig.  1.1 ). Again, from a kinetics standpoint, these compartments are mathematical 

X2
Peripheral Compartment

X1
Central Compartment X3

CNS Compartment

Drug Elimination

blood-brain barrier

X0
Drug Administration

slower equilibrating tissues
(i.e., bone, fat, skin)

blood + rapidly equilibrating organs
(i.e., kidney, liver)

(brain)

K12

K21

Ka

K13

K31

Ke

  Fig. 1.1    Schematic representation of a three-compartment open model describing the kinetics of 
a drug that is differentially distributed between compartments. This model assumes that all drug 
absorption and elimination occurs via the central compartment. Arrows indicate directional move-
ment of the drug.  X  0  dose of drug,  X  1  amount of drug in central compartment,  X  2  amount of drug in 
peripheral compartment,  X  3  amount of drug in CNS compartment,  K  a  fi rst-order absorption rate 
constant,  K  e  elimination rate constant, and  K  12 ,  K  21 ,  K  13 , and  K  31  distribution rate constants of drug 
between compartments       
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in nature and generally do not represent a distinct anatomic location. However, in 
this case the CNS will be treated as a compartment separate from the others. While 
this three-compartment model is not universally accepted for all psychopharmaco-
logically active agents (i.e., two compartment models may best describe the 
 disposition of certain centrally acting agents), thinking of the body as three distinct 
but connected compartments makes it easier to account for differences in CNS drug 
disposition that may result from delayed or selective tissue uptake and/or clearance 
that is unique to this system. While these CNS parameters are generally not deter-
mined in the clinical setting, they can be used to rationalize drug effects in the CNS 
that would not otherwise be predicted based solely on a measured drug concentra-
tion in the central compartment (i.e., plasma). In addition, as the different aspects of 
ADME are discussed in this chapter, it will be easier to refer to the effects of each 
parameter on the different compartments with the understanding that changes in 
plasma concentrations and/or tissue distributions as refl ected in the traditionally 
calculated pharmacokinetic parameters do not necessarily indicate corresponding 
changes in CNS tissue concentrations.

1.4        Pharmacokinetic Processes 

 Drug disposition within the CNS is dependent on both the drug’s physicochemical 
properties and its ability to permeate physiologic barriers such as the blood-brain 
barrier [ 4 ]. However, ADME properties each have an impact on drug concentrations 
in the central compartment which are ultimately what are presented to these barri-
ers; therefore these characteristics of ADME, either individually or collectively, 
affect drug concentrations in the CNS. 

1.4.1     Absorption 

 Absorption is the entry of a drug into the body, and for psychopharmacological 
agents, it usually refers to drug entry into the central compartment. In most cases, 
these agents are administered orally or intramuscularly, but some are administered 
transdermally, intranasally, rectally, and occasionally intravenously. Because intra-
venously (IV) administered drugs are delivered directly into the central compart-
ment, absorption is considered to be 100 %, and thus it is deemed the standard by 
which all other routes of drug delivery are compared. This comparison is typically 
done by dividing the amount of drug that is quantifi ed in the central compartment 
(typically measured as area under the concentration-versus-time curve [AUC]) fol-
lowing non-IV administration by the amount of drug measured in this compartment 
following direct IV administration. This comparison is expressed as a fraction or 
percent of drug absorbed and is called a drug’s  bioavailability , a parameter which 
may vary considerably depending on the route of administration [ 5 ,  6 ]. Differences 
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in bioavailability are a substantial reason why the dose of a drug may differ so sig-
nifi cantly from one route of administration to another. 

 In addition to the extent of drug absorption, the rate of drug absorption may also 
impact drug effi cacy and clinical usefulness. The rate of absorption into the central 
compartment will infl uence the maximum plasma concentration ( C  max ) and the time 
at which it occurs ( T  max ). Importantly, while the rate of absorption by itself may have 
an effect on drug dosing because of its infl uence on  C  max , it does not usually affect 
the steady-state concentrations or the overall maintenance dose. For this section on 
absorption, the focus will be on the oral and intramuscular routes of administration 
as they represent the primary routes by which psychopharmacological agents are 
dosed clinically. 

1.4.1.1     Oral 

 For an oral drug, bioavailability is affected principally by its pharmaceutical formu-
lation, gastrointestinal physiology, and susceptibility to presystemic metabolism in 
the GI tract and liver. The entire blood supply of the upper gastrointestinal tract 
passes through the liver before reaching the systemic circulation; therefore as drugs 
are absorbed into this blood supply, they may be metabolized partially or com-
pletely before ever reaching the central compartment. This process is called the 
“fi rst-pass” effect and it can signifi cantly limit the oral bioavailability of some 
drugs. Other considerations that can impact oral bioavailability include a com-
pound’s solubility, lipophilicity, susceptibility to degradation by pH extremes in the 
gastrointestinal tract, transport by uptake and effl ux transporters such as organic 
anion transporting polypeptides (OATPs) and P-glycoprotein (P-gp), respectively, 
metabolism by cytochrome P450 (CYP) enzymes within the gastrointestinal wall, 
concomitant disease states, and drug interactions which could alter one or more of 
these factors. An example of the latter is the decreased oral absorption of the pheno-
thiazine antipsychotics, fl uphenazine and thioridazine, when they are coadminis-
tered with over-the-counter antacid medications. In one evaluation, solubility was 
reduced and the overall AUC and  C  max  of each phenothiazine were diminished 50 % 
or more [ 7 ]. 

 Another consideration for oral dosing involves the rate and timing of drug 
absorption. In addition to formulation-specifi c characteristics of a drug such as 
extended-release preparations which intentionally slow the rate of absorption, alter-
ations in gastric emptying can also affect an absorption profi le since the majority of 
drugs are absorbed in the upper portion of the small intestine. Drugs such as meto-
clopramide, which decrease gastric emptying time (i.e., increase gastric emptying), 
can shorten the time to absorption (reduce  T  max ), whereas drugs that slow gastric 
emptying may delay the time to absorption (increase  T  max ). As an example, drugs 
with antimuscarinic activity such as the tricyclic antidepressants can signifi cantly 
delay gastric emptying. This delay may result in a lag in the onset of action of co- 
prescribed oral medications. A similar effect can be seen with the intake of food. 
High-fat meals in particular can also have a dramatic effect on gastric emptying. For 
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example, the absorption of valproic acid (VPA) is signifi cantly delayed when coad-
ministered with food. While, the overall bioavailability and ultimate pharmacologic 
effect is not altered, it can take hours longer to achieve peak concentrations when 
VPA is coadministered with a meal [ 8 ,  9 ]. In this case, the increased gastric  emptying 
time does not actually slow the rate of absorption, but it does delay the time before 
absorption begins.  

1.4.1.2     Intramuscular 

 When a drug is administered intramuscularly (IM), it avoids fi rst-pass metabolism 
in the liver, potential degradation in the gastrointestinal tract, and depending on the 
drug’s formulation, a quicker onset of action. For standard formulations of drugs in 
aqueous solutions, absorption by the IM route tends to be relatively fast, but the 
actual rate of absorption is dependent on blood fl ow. Differences in absorption rate 
may exist between individuals based on differences in body composition and sex. 
Differences in absorption rate may also exist between different muscle groups 
within the same individual. Obese or emaciated individuals may experience altera-
tions in absorption, and females may experience slower absorption rates based on 
sex-related differences in the composition of subcutaneous fat. The IM administra-
tion of drugs in aqueous solutions is used when an immediate pharmacologic 
response is not necessary or feasible (e.g., no IV access), but a prompt effect is 
desired. One example is the use of a haloperidol lactate IM for the management of 
acutely agitated patients with moderate to severe symptoms. 

 In contrast to the rapid-onset and typically short-lived characteristics of standard 
aqueous solutions administered IM, long-acting IM depot formulations of drugs 
such as the antipsychotics have grown in popularity. These agents are most com-
monly long-chain esters (e.g., decanoate or palmitate) of the parent drug com-
pounded in a vegetable oil. When injected, the compound forms a “depot” within 
the muscle and as the drug ester slowly diffuses into the bloodstream, the compound 
undergoes rapid hydrolysis to release the parent drug. Haloperidol decanoate in 
sesame oil is an example where such a formulation slows the rate of absorption 
considerably. For haloperidol decanoate, peak concentrations after IM administra-
tion may not be observed for up to 7 days, whereas after IM administration of fl u-
phenazine decanoate, peak concentrations may be observed within 24 h of dosing; 
therefore, dosing of IM depot formulations of antipsychotics must be individualized 
[ 10 ]. Another formulation approach used to obtain this depot effect is the injectable 
suspension. These can be created by encapsulating a drug such as risperidone in a 
biodegradable copolymer that is slowly hydrolyzed in the body or by creating a 
microcrystalline salt such as olanzapine pamoate that is poorly water soluble on 
injection but freely dissociates in plasma [ 11 ]. Regardless of the technology used, 
these depot formulations exhibit a slow-release pattern of the drug into plasma and 
permit the administration of larger doses at less frequent intervals, with the inten-
tion of achieving better adherence and consistent and sustained plasma 
concentrations.   
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1.4.2     Distribution 

 After a drug is absorbed into the central compartment, it is distributed throughout 
the body and into the peripheral compartments. As mentioned previously, a drug’s 
physiochemical properties can signifi cantly impact its distribution characteristics. 
Larger molecules generally diffuse more slowly across plasma and cell membranes 
than smaller molecules. Drugs that are more hydrophilic tend to collect in the 
plasma, whereas drugs that are more lipophilic tend to accumulate in fatty tissues 
such as the brain. Finally, when drugs are highly bound to plasma proteins such as 
albumin or α 1 -acid glycoprotein (AAG), the drug-protein complex formed in the 
plasma becomes so large that diffusion across plasma membranes is effectively pro-
hibited leaving only the unbound or “free” drug capable of distributing out into tis-
sues. As such, it is this unbound or free drug that is presented to the receptor site and 
is considered to be the pharmacologically active moiety [ 12 ]. 

 When it comes to drug distribution into the CNS, the BBB and BCSFB are often 
considered the primary obstacles to entry. Because the BBB has capillary endothe-
lial cells with tight intercellular junctions and is covered by a layer of glial cells, it 
is lipophilic in nature and usually restricts larger and more water-soluble molecules 
from crossing [ 13 ]. The BCSFB has comparably structured choroid plexus epithe-
lial cells and likewise can restrict drug distribution. Previously, the BBB was con-
sidered to be the dominant barrier to CNS drug accumulation, but this has come into 
question as there is evidence that the BCSFB may have a surface area in the same 
order of magnitude as the BBB [ 13 ,  14 ]. The implications of this are not clear; 
nonetheless, it is less relevant whether a drug preferentially enters the CNS through 
one barrier versus another so long as clinically relevant drug concentrations are 
obtained at the site of action. 

 For a drug to distribute into the CNS after reaching systemic circulation, it must 
traverse the BBB and/or BCSFB via one of several pathways: simple diffusion, 
facilitated transport, or receptor-mediated transport [ 15 ,  16 ]. In terms of CNS drug 
distribution, the most prevalent process is simple diffusion. This bidirectional move-
ment is governed by the drug’s concentration gradient across the membrane and is 
impacted by drug-specifi c characteristics such as molecular size, lipophilicity, and 
protein binding as previously noted [ 13 ]. Increasing the amount of drug in the 
bloodstream or central compartment will result in an increase in the concentration 
of drug that is presented to the luminal side of the BBB or BCSFB and thus the 
amount of drug available for diffusion into the brain. As drug accumulates in the 
CNS, a pseudo-equilibrium will eventually be established as concentrations equili-
brate on both sides of the barrier. Then as plasma concentrations decline secondary 
to redistribution, metabolism, and/or excretion, the drug will diffuse out of the CNS 
and back into the central compartment according to the concentration gradient. 
Typically, smaller, more lipophilic molecules tend to cross the BBB more readily in 
both directions. A classic example demonstrating this fact is a comparison of the 
CNS distribution of diazepam and lorazepam. Given intravenously, the more lipo-
philic diazepam distributes into CNS tissues more quickly than lorazepam and has 

M.S. Luer and S.R. Penzak



11

a slightly more rapid onset of action [ 17 ]. However, diazepam, because of his high 
lipophilicity, will continue to distribute into other tissues as well. This continued 
distribution into other (non-CNS) tissues causes diazepam concentrations in the 
plasma to decline such that CNS concentrations are comparatively higher. In keep-
ing with the concentration gradient, diazepam diffuses out of the CNS, and within 
15–20 min its neuropharmacological effects can be lost. In comparison lorazepam, 
which is less lipophilic than diazepam, distributes out of the central compartment 
and into all tissues more slowly; consequently lorazepam does not display the same 
degree of redistribution as diazepam. Hence, when administered as an IV bolus, 
diazepam will have a rapid onset of action that is likely to be short-lived. Conversely, 
lorazepam administered as an IV bolus will have a slightly slower onset on action, 
yet its pharmacologic effect may persist for hours [ 17 ,  18 ]. This difference has led 
some clinicians to prefer lorazepam over diazepam for the treatment of status epi-
lepticus although clinical data demonstrating that one drug is more effi cacious than 
the other in this setting are confl icting [ 19 ,  20 ]. 

 While most drugs gain entry to the CNS via simple diffusion, to a lesser extent 
drugs may enter the CNS through facilitated diffusion or passive carrier-mediated 
transport. This process is similar to simple diffusion in that it works along a concen-
tration gradient, but it requires a helper protein to “facilitate” the transport process 
through the membrane. The greatest difference from simple diffusion is that with 
facilitated diffusion, the helper protein is fi nite in number, and thus the process is 
subject to being capacity limited. Examples of natural substances which utilize this 
method of uptake are amines, amino acids, and small peptides. Thus for drugs such 
as gabapentin which have been associated with neutral amino acid transport, satu-
rable uptake into the CNS may occur [ 21 ]. 

 The third pathway for centrally acting drugs to gain access to the CNS is receptor- 
mediated transport or more specifi cally receptor-mediated endocytosis and trans-
cytosis [ 16 ,  22 ]. Receptor-mediated transport has generated a tremendous amount 
of interest in recent years and is aggressively being explored as a mechanism for 
delivering larger drug macromolecules and therapeutic proteins into the CNS. This 
approach capitalizes on existing transport systems in the BBB and could revolution-
ize treatment options for all types of neurologic disorders. At this time however, the 
utility of receptor-mediated transport to facilitate drug delivery in the CNS is largely 
investigational and mostly limited to preclinical studies [ 16 ,  22 ]. Further discussion 
of this process and its potential implications will be discussed later in this chapter. 

 A fourth transport system for crossing the BBB does exist, but its role in drug 
transport is thought primarily to limit CNS drug uptake, not facilitate it. The system 
is comprised of a group of naturally occurring, membrane-bound proteins that act as 
active effl ux transporters to move substrates across membranes and against concen-
tration gradients in an energy-dependent manner. Importantly, many drugs serve as 
substrates or modifi ers for these transporters. One of the most prominent active 
effl ux transporters in the BBB is P-glycoprotein (P-gp), which can signifi cantly 
limit the CNS uptake of many lipophilic drugs that would otherwise be predicted to 
have signifi cant distribution into the brain based on their physicochemical proper-
ties alone [ 23 – 25 ]. This mismatch in distribution patterns for some lipophilic drugs 
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has been a challenge to CNS drug development for years; because a drug must not 
only be able to cross the BBB, it must reside in the CNS long enough to exert its 
desired pharmacological effects [ 26 ,  27 ]. In short, these effl ux transporters may not 
be able to prevent a drug’s diffusion into the CNS, but they do appear to limit its 
accumulation and thus minimize its effectiveness as a neuropharmacological agent. 
The reader is referred to Chap.   5     for a detailed description of drug transporters and 
the role they play in the BBB as well as overall drug therapy. 

 For most psychopharmacological agents which are lipophilic in nature, the 
concentration gradient at the BBB and BCSFB is principally what governs CNS 
drug disposition. In general, the rate of CNS drug uptake or loss will be propor-
tional to this gradient, so increases or decreases in plasma concentrations will 
likely lead to respective changes in concentration-dependent CNS drug activity. 
This dynamic relationship highlights the importance of ADME, since changes in 
any one of the ADME parameters can alter plasma concentrations causing 
changes to CNS concentrations and ultimately a drug’s neuropharmacological 
effects.  

1.4.3     Metabolism 

 The majority of psychopharmacologically active agents are removed from the body 
through metabolic processes. Most drug metabolism occurs in the liver and is usu-
ally categorized as phase I or phase II reactions. Phase I involves the processes of 
oxidation, reduction, and hydrolysis, and phase II involves conjugation. In general, 
metabolism results in the biotransformation of a parent compound or drug into one 
or more metabolites, the purpose of which is to make the compound more polar in 
nature (i.e., water soluble) and thus easier to eliminate from the body by the liver 
and/or kidney [ 2 ,  27 ]. The resultant metabolite(s) may be inactive, less active, or 
even more pharmacologically active than the parent compound. 

 A drug that is metabolized may have as few as one or more than 50 metabolites, 
some of which may be pharmacologically and/or pharmacokinetically active. From 
a pharmacologic perspective, the metabolite(s) can contribute signifi cantly to the 
overall effi cacy and/or toxicity profi le of the parent drug, and from a pharmacoki-
netic standpoint, the metabolite may alter (i.e., restrict or enhance) its clearance. A 
few examples where a metabolite is active and contributes to the drug’s overall 
therapeutic effect are amitriptyline’s conversion to nortriptyline, fl uoxetine’s con-
version to nor-fl uoxetine, and primidone’s conversion to two active metabolites 
(phenobarbital and phenylethylmalonamide) [ 28 – 30 ]. In those situations when the 
metabolite itself is the pharmacologically active moiety, the parent drug is referred 
to as a prodrug. Tramadol, codeine, and fosphenytoin are each prodrugs where met-
abolic conversion is necessary for their desired pharmacological effect. Tramadol, 
for instance, is transformed to  O -desmethyltramadol ( O -DSMT) which is consider-
ably more potent as a mu opioid agonist and has been shown to have a far greater 
analgesic effect than the parent drug, tramadol [ 31 ,  32 ]. 
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 Of all the metabolic pathways, the cytochrome P450 (CYP) superfamily of 
metabolizing enzymes is the most important to the metabolism and clearance of 
drugs and is a major source of variability in pharmacokinetics and plasma drug 
concentrations [ 33 – 38 ]. Table  1.1  provides an overview of many of the antipsychot-
ics, antidepressants, anxiolytics, anticonvulsants, opioids, and hypnotics relative to 
their role as a CYP subfamily substrate, inhibitor, or inducer. The data compiled for 
this table are intended to serve as a reference point from which the discussion on 
metabolism will now shift to those specifi c intrinsic and extrinsic factors that affect 
CYP drug metabolism.

1.4.3.1       Genetic Variability 

 All enzymes involved in drug metabolism are regulated by genes and gene products 
(e.g., proteins and RNA). Consequently, an individual’s genetic makeup plays an 
important role in determining the amount and activity of each enzyme system 
including CYP. This genetic factor accounts for signifi cant interindividual variabil-
ity in both drug metabolism and metabolite formation. Gene mutations result in 
enzyme variants with increased, decreased, or no activity. When a gene variant rep-
resents at least 1 % of the general population, it is considered a pharmacogenetic 
polymorphism [ 39 ]. Genetically, a wide spectrum of variants may occur in a popu-
lation that could potentially create a broad range of enzyme activities, but in prac-
tice these variants are typically categorized into four general pharmacokinetic 
phenotypes:

•    Poor metabolizers (PM) refer to individuals with variants resulting in highly dys-
functional or inactive CYP enzymes.  

•   Intermediate metabolizers (IM) refer to individuals with variants resulting in 
below normal CYP enzyme activity.  

•   Extensive metabolizers (EM) refer to individuals with the normal phenotype and 
represent the majority of the population. The EM is the reference phenotype by 
which others are compared as it is considered normal CYP enzyme activity.  

•   Ultrarapid metabolizers (UM) refer to individuals with variants that produce 
much higher than normal CYP enzyme activity [ 37 ].    

 Polymorphic CYP enzymes of clinical relevance for psychopharmacological 
agents include CYP2C9, CYP2C19, and CYP2D6 [ 37 ,  40 ]. While there are also 
variants in other important drug-metabolizing enzymes such as CYP1A2 and 
CYP3A4, extremes in metabolism such as PM and UM are rare [ 37 ]. The clinical 
impact of any pharmacogenetic polymorphism must be considered within the con-
text of the drug(s) being used. Equivalent dosing in PM will result in higher plasma 
concentrations and possible toxicity relative to EM, while the opposite will occur in 
UM (i.e., lower plasma concentrations and a possible lack of effi cacy). Differential 
effects also occur if the drug must be metabolically activated (i.e., prodrug); in this 
case PM will not convert the parent compound to its active metabolite, thus render-
ing the drug potentially ineffective [ 37 ,  40 ]. Conversely, when a prodrug is 
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 administered to an ultrarapid metabolizer, excess formation of the active metabolite 
may occur, resulting in possible toxicity. For example, in one evaluation of a single 
30 mg dose of codeine, UM had ~50 % higher plasma concentrations of morphine 
and its phase II metabolites than EM [ 41 ]. The reader is referred to Chap.   6     for a 
detailed description of the infl uence of pharmacogenetics on the pharmacokinetics 
of psychopharmacology agents.  

1.4.3.2     Substrates 

 Substrates are compounds or drugs that are metabolized, wholly or in part, by a 
particular enzymatic pathway. CYP2D6 and CYP3A4 are the most common iso-
forms involved in the metabolism of psychopharmacological agents, although in 
many cases additional isoforms are also involved. For example, the N-demethylation 
of sertraline principally occurs via CYP2B6 although CYP2C9, CYP2C19, 
CYP2D6, and CYP3A4 contribute as well [ 41 ]. This is important because if a drug 
is exclusively hepatically metabolized and is a substrate for only one pathway, any 
modulation of that pathway (i.e., inhibition or induction) would be expected to alter 
the pharmacokinetics of that drug. However, if a drug is only partly hepatically 
metabolized and/or if it is metabolized by numerous CYP isoforms, then modula-
tion of a single metabolic pathway would be less likely to have a major impact on 
the drug’s overall disposition. Consequently, when making therapeutic decisions, it 
is equally important to know which CYP isoforms are involved in a drug’s metabo-
lism as well as whether a drug is metabolized at all.  

1.4.3.3    Inhibition and Induction 

 Another important consideration in drug metabolism is that CYP isoforms can be 
independently affected by other drugs or biologic compounds that result in changes 
in their metabolic activity. CYP inhibitors interfere with an enzyme’s ability to 
metabolize substrates, and inducers accelerate the enzyme’s metabolic activity usu-
ally through the synthesis of additional enzyme. The clinical effect of an inhibitor 
or an inducer is not always straightforward and depends on the extent to which an 
enzyme is affected and whether the substrate has alternative routes of metabolism 
available, which can potentially “pick up the slack” when another enzymatic path-
way is inhibited. 

 As mentioned previously, metabolism represents a major route of elimination for 
many drugs. Consequently, the inhibition of metabolizing enzymes is one of the 
primary causes of drug interactions [ 42 ,  43 ]. There are several mechanisms of 
enzyme inhibition including competition for the catalytic binding site, allosteric 
(noncompetitive) interaction with the enzyme, suicide destruction of the enzyme, 
and competition for enzyme cofactors. The most common mechanism of inhibiting 
CYP metabolism is through competitive inhibition where two or more molecules 
compete for the same binding site. Because the interaction is competitive, the 
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 substrate  K  m  (defi ned as the substrate concentration at half the maximal velocity of 
an enzymatic reaction) and inhibitor  K  i  (inhibition constant, defi ned as the dissocia-
tion constant of enzyme-inhibitor complex) in conjunction with their absolute con-
centrations at the site of enzyme activity will determine the extent and duration of 
the enzyme inhibition [ 42 ]. Clinically, CYP inhibition typically results in increased 
plasma concentrations of a substrate medication, and if this medication has a narrow 
therapeutic index and/or if it is subject to capacity-limited metabolism (e.g., phe-
nytoin), toxicity may rapidly occur. As an example, paroxetine and fl uoxetine are 
both effective inhibitors of CYP2D6 and will inhibit the metabolism of thioridazine, 
a CYP2D6 substrate, thereby increasing its plasma concentrations and the risk of 
QTc prolongation and cardiac arrhythmias [ 44 – 47 ]. 

 Enzymatic inhibition can also decrease the effi cacy of a drug if the parent com-
pound is a prodrug which requires metabolic conversion to its active component. 
Again, codeine is a good example because it is metabolized in part to morphine via 
CYP2D6 [ 48 ]. Because only a small degree of codeine is metabolized to morphine 
and the majority is otherwise metabolized by glucuronidation, inhibition of CYP2D6 
will not signifi cantly alter the overall pharmacokinetics of codeine, but it will reduce 
its metabolic conversion to morphine and thus reduce its overall analgesic activity 
[ 44 ]. Another consideration for inhibitory reactions involving competitive inhibi-
tion is the fact that the onset and offset of the inhibition are concentration dependent 
and will commence as soon as a minimum effective inhibitory concentration of the 
inhibitor is achieved. Depending on the dosing of the substrate and inhibitor, this 
interaction may occur as soon as the fi rst dose. Conversely the inhibitory effect will 
dissipate once that minimum effective inhibitory concentration is no longer main-
tained; this is dependent upon an inhibitor’s elimination half-life. 

 Like inhibitors, inducers also play a major role in altering substrate metabolism. 
However, unlike CYP inhibition, which has a relatively quick onset (i.e., hours to 
days), induction is a time-dependent process whose onset and offset each take place 
over a period of days to weeks [ 44 ,  49 – 51 ]. Clinically, induction increases substrate 
metabolism, which can produce different pharmacological and toxicological out-
comes depending on the inherent qualities of the substrate affected. For pharmaco-
logically active substrates (i.e., drugs for which the parent compound is 
pharmacologically active), induction will reduce plasma concentrations and dimin-
ish the pharmacologic effect. For prodrugs, induction will increase the substrate’s 
conversion to its active metabolite, thereby enhancing its pharmacologic effect. 
Finally, induction can increase a drug’s toxicity profi le through enhanced activa-
tion, decreased detoxifi cation, decreased inactivation, and/or by simply altering the 
balance between activation and inactivation [ 44 ,  49 – 52 ]. For example, drugs such 
as carbamazepine, phenobarbital, and St. John’s wort signifi cantly induce the 
metabolism of drugs metabolized by CYP3A4. As a result, these three CYP3A4 
inducers have been implicated in the loss of therapeutic effect of concomitantly 
administered CYP3A4 substrates such as haloperidol [ 53 – 56 ]. Similarly, cigarette 
smoking can induce CYP1A2 and signifi cantly reduce plasma concentrations of 
clozapine. In one evaluation, clozapine dose-corrected serum concentrations in 
smokers were 2.5 times lower compared to nonsmokers [ 57 ]. A fi nal consideration 
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regarding  induction is that some inducers are actually capable of inducing their own 
metabolism. This process is called auto-induction and carbamazepine is perhaps the 
quintessential agent in which this phenomenon occurs. Carbamazepine auto-induc-
tion typically peaks within the fi rst week of therapy, and the effect is elevated fur-
ther following each increase in dose. Once carbamazepine is discontinued, 
enzymatic induction wanes over a time period that is comparable to its onset of 
induction. Of note, auto-induction with carbamazepine appears to be independent 
of prior exposure [ 58 ,  59 ].   

1.4.4     Excretion 

 Although metabolism is the major route of elimination for most psychopharmaco-
logically active agents, some drugs and/or their metabolites are excreted wholly or 
in part through renal or biliary mechanisms. Both routes of excretion correlate 
directly to organ function, so interference in either system by disease or drug inter-
action can signifi cantly alter a drug’s excretion from the body. 

1.4.4.1    Renal Excretion 

 In general, most drug excretion occurs via the kidney and can be infl uenced by 
glomerular fi ltration, tubular secretion, and/or reabsorption. When a fi ltered com-
pound has negligible active secretion or reabsorption, its renal clearance is essen-
tially equivalent to the glomerular fi ltration rate (GFR). In the clinical arena, 
creatinine clearance (CrCl) or the ability of the kidney to fi lter creatinine is the 
most commonly used measure of GFR, and therefore changes in CrCl are expected 
to represent corresponding changes in renal function. Consequently, CrCl values 
are commonly used for adjusting drug dosing schedules when a drug and/or its 
active metabolites are excreted by the kidney. For example, the clearance of oxcar-
bazepine and its monohydroxy derivatives (MHD) as well as venlafaxine and 
 O- desmethylvenlafaxine is reduced with renal impairment, and thus a dose reduc-
tion is recommended for each drug in patients with a CrCl <30 mL/min [ 60 ,  61 ]. 

 In addition to considering GFR for drugs that undergo fi ltration, the step of reab-
sorption is one of the most important factors in determining whether the drug will 
be excreted renally. Lipophilic drugs tend to be reabsorbed in the proximal renal 
tubule, whereas hydrophilic (i.e., polar) drugs typically are not and end up being 
expelled in the urine. Lithium is the most prominent psychoactive drug that fi ts this 
category, as it is excreted almost 95 % unchanged by renal mechanisms. Lithium is 
fi ltered in the glomerulus and about 80 % is reabsorbed by the proximal renal tubule. 
Notably, lithium reabsorption is heavily governed by sodium status. Signifi cant 
changes in sodium reabsorption, such as that produced by certain diuretics, can 
dramatically increase or decrease lithium concentrations and result in either toxicity 
or loss of effi cacy due to its narrow therapeutic index [ 2 ,  40 ,  62 ].  
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1.4.4.2    Biliary Excretion 

 Drug excretion into the bile typically involves larger molecular weight compounds that 
have a strong polar group. Many are excreted as metabolites and often they are glucuro-
nide conjugates. Typically, these compounds are secreted into bile and upon contrac-
tion of the gallbladder are expelled into the duodenum via the common bile duct where 
they are excreted in the feces. A drug or metabolite excreted in bile may also undergo 
a process termed enterohepatic circulation. This process occurs when the secreted com-
pound is reabsorbed from the gastrointestinal tract back into the systemic circulation or 
when a glucuronide conjugate metabolite is converted by the β-glucuronidase enzyme 
present in gut bacteria back to the parent compound and then reabsorbed back into the 
bloodstream. The clinical importance of enterohepatic circulation is that it may extend 
the pharmacological effect of certain drugs and metabolites [ 63 ]. Examples of psycho-
pharmacological agents as well as their metabolites which have been associated with 
enterohepatic circulation are morphine and imipramine [ 64 ,  65 ].    

1.5     Other Factors Infl uencing ADME 

 There are numerous host and environmental factors that can impact a drug’s phar-
macokinetic profi le. Some are constant, such as sex and genotype, whereas others 
are more variable or dynamic over a lifetime and include factors such age, preg-
nancy, drug interactions, and concomitant disease states. Genetic polymorphisms 
and their infl uences were discussed previously so the remainder of this section will 
briefl y review other factors that can alter ADME parameters. 

 Sex has an effect on a number of pharmacokinetically relevant factors including 
body size and composition, tissue blood fl ow, as well as the expression of metabo-
lizing enzymes and transporters [ 37 ,  66 – 69 ]. For some drugs, studies in women 
have demonstrated:

•    Differences in oral drug absorption and bioavailability with increases in  C  max  and 
AUC [ 70 ]. Alcohol, for example, has a higher bioavailability in women versus 
men; this is attributed to differences in volume of distribution and gastric alcohol 
dehydrogenase activity between the sexes; [ 71 ].  

•   A tendency to metabolize some CYP3A4 substrates more rapidly than men [ 72 ].  
•   A higher body fat content relative to total body weight in women versus men. 

This is believed to explain the 40 % larger volume of distribution for diazepam – 
a highly lipophilic drug – in women compared to men [ 73 ].    

 Advanced age can also infl uence ADME, which has the potential to impact the 
pharmacokinetics of certain centrally acting agents [ 74 ]. A number of biological 
processes have been implicated in age-related changes in pharmacokinetics. For 
example, increases in gastric pH, delays in gastric emptying, decreases in gastric 
motility, and reductions in splanchnic blood fl ow have all been suggested to cause 
alterations in oral drug absorption. Changes in body composition (increases in total 
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body fat, decreases in lean muscle mass, and decreases in total body water) can 
increase the volumes of distribution and elimination half-lives of lipophilic drugs 
and/or increase the plasma concentrations of hydrophilic drugs. Changes in plasma 
protein binding (decreases in serum albumin and increases in AAG) can change the 
plasma free fraction of highly protein-bound drugs. Reductions in hepatic mass and 
hepatic blood fl ow have been implicated in reductions in phase I metabolic pro-
cesses as well as a decline in fi rst-pass metabolism. Finally, a reduction in renal 
blood fl ow and GFR reduces renal drug excretion [ 74 ]. 

 Drug interactions and disease states can each also play a major role in infl uenc-
ing a drug’s pharmacokinetics. The entire third section of this textbook is devoted to 
clinically signifi cant drug interactions with psychopharmacological agents, and the 
previous sections on ADME introduced the concept of how physiological condi-
tions can impact each parameter. Taking this one step further, any pathophysiologic 
effects that alter gastrointestinal function, plasma protein binding, hepatic metabo-
lism, or renal excretion can impact a drug’s disposition in the body. Exactly how 
each disease state impacts a particular drug will depend on the individual character-
istics of the drug as well as the extent of the pathology. For example, chronic liver 
disease and acute hepatitis each have the ability to diminish the metabolic capacity 
of the liver, but the degree to which drug metabolism is altered is highly variable 
[ 75 ]. In treating an individual with benzodiazepines for alcohol withdrawal, chlor-
diazepoxide, lorazepam, oxazepam, or diazepam can each be used. However, with 
advanced alcoholic liver disease, hepatic oxidation can be diminished, which can 
reduce chlordiazepoxide and diazepam metabolism resulting in prolonged sedation 
and respiratory depression. Conversely, lorazepam and oxazepam are glucuroni-
dated and less affected by advanced liver disease [ 76 ,  77 ]. To this end, it is not suf-
fi cient to simply be aware that a drug-drug or drug-disease interaction exists; instead 
a comprehensive understanding of the nature and scope of all contributing factors to 
an interaction is necessary to determine the optimal therapeutic course of action.  

1.6     Pharmacokinetic-Pharmacodynamic Relationships 

 The intensity of a drug’s effect is largely a function of its concentration at its site of 
action [ 78 ]. The effect that a drug produces on the body is defi ned as its pharmaco-
dynamic effect. Evaluation of pharmacokinetic-pharmacodynamic relationships 
informs the selection of appropriate drug therapy at optimal doses. Pharmacodynamic 
properties of psychopharmacological agents are considered in detail in Chap.   2    .  

1.7     Future Directions 

 One of the greatest challenges in developing new psychopharmacological agents 
relates to CNS drug delivery [ 79 ]. Currently, the vast majority of agents are admin-
istered systemically, and thus their delivery into the CNS is subject to the limitations 
of the BBB and BCSFB as described previously. Promising new drug therapies such 
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as protein therapeutics are severely hampered because these large molecules cannot 
gain access to the CNS. As a result, new approaches of traversing the BBB are being 
explored and some of the more exciting concepts are physiological approaches to 
drug delivery. These approaches capitalize on endogenous nutrient transport systems 
in the BBB as well as methods of attaching drugs to ligands that recognize receptors 
expressed at the BBB [ 16 ,  22 ,  80 ,  81 ]. For BBB nutrient transport systems, drugs can 
be formulated to use carrier-mediated transporters (CMT) for glucose (GLUT1), 
phenylalanine (LAT1), arginine (CAT1), etc. to gain access into the CNS; however, 
in doing so the drugs must closely mimic the natural substrates for these transporters. 
Currently drugs such as L-Dopa, gabapentin, and melphalan each cross the BBB and 
achieve clinically relevant pharmacologic concentrations in the CNS via LAT1 by 
having structures similar to large neutral amino acids [ 80 ,  81 ]. Because the original 
structural characteristics of the substrate class for the targeted CMT must be retained 
without signifi cantly altering its pharmacological activity, computational medicinal 
chemistry will be an important aspect of continued drug development in this area. 

 Another physiological approach for CNS drug delivery is to use receptor- mediated 
transcytosis (RMT) that capitalizes on the fact that naturally occurring large mole-
cules are delivered to the CNS by specifi c receptors. Known receptors to date exist 
for insulin, transferrin, and low-density lipoprotein (LDL) and its related proteins. 
RMT is a three-step process for ligand transport. First, the molecules will undergo 
receptor-mediated endocytosis by binding to specifi c receptors present on the lumi-
nal side of the BBB. It then moves through the cell to the abluminal side of the BBB 
where it undergoes exocytosis and fi nally entry into the CNS. For RMT- mediated 
CNS drug delivery, the concept is to target specifi c ligands or monoclonal antibodies 
(mAb) for these receptors [ 80 ]. Specifi cally, the desired therapeutic molecules are 
then attached to these ligands or mAb using molecular Trojan horse (MTH) technol-
ogy [ 82 ]. The ligand or mAb is then transported into the CNS and the attached thera-
peutic molecule essentially goes with it. Several neurotrophin and peptide 
combinations with mAb have already been produced using this technology [ 80 – 82 ]. 
Possibly the most promising work to date in this arena involves the LDL receptor-
related proteins 1 and 2 (LRP-1 and LRP-2). Specifi cally a new family of peptides 
derived from proteins that cross the BBB using LRP-1 receptors has been designed 
as a new technology for delivering therapeutic agents into the CNS [ 80 ]. The tech-
nology is called Angiopep, and one agent ANG1005, a novel paclitaxel- peptide drug 
conjugate for the treatment of glioblastoma multiforme (GBM), was granted both 
orphan drug and fast track designation by the Food and Drug Association (FDA) in 
2014. While this technology has not been used directly to target psychopharmaco-
logical agent delivery, the concept has the ability to deliver a broad array of neuro-
therapeutic agents and could be disease altering for a number of conditions.     
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    Chapter 2   
 Pharmacodynamics                     

       Carlos     H.     Rojas-Fernandez     

    Abstract     Over the past 10–15 years, there have been signifi cant advances in our 
understanding of the pharmacodynamics of neuropsychopharmacological agents. 
Novel research techniques have allowed for the discovery of multiple receptor sub-
types and have also revealed complex and ofttimes seemingly contradictory physi-
ological effects secondary to manipulation of neural receptors. This chapter 
summarizes key concepts in central nervous system pharmacodynamics including 
brief descriptions of localization of receptor subtypes, neural pathways, as well as 
putative pharmacodynamic properties of drugs that affect these neural systems. The 
aim is to provide clinicians with an understanding of general concepts that may be 
applied to the relevant chapters in this book and to the literature. This chapter is 
arranged according to individual neural systems, yet it should be stressed that this 
“splitting” approach is an artifi cial attempt to describe, in simple terms, systems that 
have varying degrees of complex and hitherto not fully understood interrelation-
ships. Indeed, any of the neural systems discussed herein merit their own chapter, if 
not their own book. It is for this reason that the reader should consult other chapters 
in this textbook, as well as relevant references for additional details in this complex 
and quickly evolving fi eld.  
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2.1       Introduction 

2.1.1     Pharmacodynamic Principles 

 Pharmacodynamics is the study of the effects that drugs have on the body and how 
these effects take place, i.e., their putative mechanism of action. Observed drug 
effects may be attributable to biochemical and/or physiological manipulations, and 
most drugs must interact with one or more macromolecular components of the 
organism (i.e., person) in order to exert their effects. The interactions of a drug with 
these components, i.e., drug receptors, result in changes in the function of that com-
ponent, ultimately leading to biochemical and/or physiological responses. Proteins 
are ostensibly the most important class of drug receptors/ targets by virtue of their 
large numbers. Common examples of particular relevance to the central nervous 
system (CNS) include acetylcholinesterases, secretases, and proteins involved in 
transport processes (Na + , K + -ATPase). Physiological receptors, which are receptors 
for endogenous regulatory ligands, are also a major group of drug receptors. Drugs 
that bind to these receptors and mimic the effects of endogenous ligands are referred 
to as agonists, while drugs that bind to receptors but do not possess intrinsic activity 
are termed antagonists. Partial agonists are drugs possessing only partial effi cacy as 
agonists at all concentrations; a well-known example of a partial agonist in psycho-
pharmacology is aripiprazole [ 1 ,  2 ]. 

 Lastly, there are drugs such as histamine-1 antagonists, which stabilize receptors 
with intrinsic constitutive activity in the absence of endogenous ligand, and are 
termed inverse agonists [ 3 ,  4 ]. The dissociation constant of a drug is a measure of 
the strength of the reversible interaction between a drug and its receptor and repre-
sents the affi nity of one for the other, while a drug’s chemical structure affects its 
affi nity for a receptor, its intrinsic activity, and its specifi city. The latter is of particu-
lar relevance, as drugs that are highly specifi c for receptors with limited distribution 
in the body have little potential for systemic adverse effects (e.g., histamine-2 
receptor antagonists such as ranitidine), whereas drugs such as acetylcholinesterase 
inhibitors (ACHEIs) or selective serotonin reuptake inhibitors (SSRIs) carry a 
greater potential for systemic adverse effects given the distribution of acetylcholin-
esterases and serotonin (5-HT) receptors, respectively. Pharmacodynamic variabil-
ity is a highly complex phenomenon, which may vary according to genetic 
infl uences, effects of diseases on the body, pharmacokinetic factors, drug-induced 
changes in receptors, and interactions among all of the aforementioned [ 5 ,  6 ].  

2.1.2     The Central Nervous System as a Site for Drug Action 

 The CNS presents multiple challenges as well as opportunities as a site for drug 
action. A well-recognized challenge is the blood-brain barrier, which acts to control 
the microenvironment of the brain and protect it against potentially toxic substances 
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through a complex set of transport systems and anatomical structures [ 7 ,  8 ]. 
Conversely, while there are many established sites for drug action such as the 
nigrostriatal dopaminergic pathway for Parkinson’s disease, the mesolimbic dopa-
minergic pathway for schizophrenia, and others, much remains to be learned about 
the role of other putative pathways, intertwining pathways, and/or receptors for 
these and other CNS disorders. In addition, effective therapies are lacking for the 
treatment of cognitive impairment, which affl icts those with schizophrenia as well 
as those with mood and anxiety disorders.  

2.1.3     Central and Peripheral Effects 
of Psychopharmacological Agents 

 As previously noted, the CNS not only encompasses a multitude of therapeutic tar-
gets for CNS diseases but is also an important source for unintended consequences, 
namely, adverse drug events (see respective sections below and chapters for more 
details). Examples include but are not limited to iatrogenic parkinsonism, sedation, 
cognitive impairment, insomnia, and psychosis. In addition, CNS-mediated drug 
effects may also lead to peripheral adverse or therapeutic effects such as tremors 
from dopamine blockade, gastrointestinal effects from SSRIs or ACHEIs, and 
decreased aggression from decreased sympathetic nervous system drive (clonidine). 
Direct effects of drugs in the periphery may also be observed even if the drug does 
not penetrate the BBB (e.g., vasodilation from psychopharmacological agents with 
clinically relevant alpha-1 antagonist properties such as clozapine).   

2.2     CNS Pharmacodynamics: Receptor Systems 

2.2.1     Serotonin 

 Serotonin has been localized to the gastrointestinal tract, platelets, and the brain, 
where it is involved in many diverse functions such as cognition, mood control, 
sleep-wake cycles, respiration, feeding behavior, thermoregulation, and motor con-
trol [ 9 ]. Serotonergic (5-hydroxytryptamine [5-HT]) neurons originate in the mid-
brain (raphe nuclei) and project widely to nearly every area of the CNS, yet the 
overall number of 5-HT neurons is low relative to the total number of neurons in the 
brain [ 9 – 13 ]. Specifi cally, the median raphe projects heavily to the dorsal hippo-
campus, septum, and hypothalamus; and the dorsal raphe sends projections to the 
ventral hippocampus, amygdala, and striatum; and both send overlapping projec-
tions to the neocortex. Additionally, both the substantia nigra (SN) and ventral 
tegmental areas (VTA) receive input from midbrain 5-HT neurons [ 14 ,  15 ]. 
Serotonin has been proposed to exert an overall neuromodulatory effect on the 
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brain in addition to its contribution to synaptic transmission; it is thought that this 
is accomplished by 5-HT modulating the overall tone of the CNS via a regular, yet 
slow pattern of activity, akin to a pacemaker [ 9 ].  

2.2.2     Serotonin and Drugs 

 The serotonin transporter (SERT) along with various serotonin receptors represent 
useful drug targets for diseases such as depression, anxiety, obsessive-compulsive 
disorder, and others. As serotonin activity in the synapse is primarily terminated by 
its reuptake into serotonergic terminals via the SERT, which is a high-affi nity, low 
capacity, and saturable transporter, the SERT represents a key target for SSRIs, 
which lead to SERT downregulation with chronic SSRI administration [ 16 – 19 ]. The 
primary catabolic pathway for 5-HT, namely, monoamine oxidase (MAO), also 
presents a useful target, and in fact, some of the earliest antidepressant drugs were 
nonselective MAO A and B inhibitors such as tranylcypromine, which inhibits the 
catabolism of 5-HT and catecholamines (NE and DA), respectively [ 20 ]. In addi-
tion, multiple 5-HT receptors have been identifi ed, all of which can be affected by 
various drugs [ 16 ,  18 ,  21 ,  22 ]. What follows is a discussion regarding 5-HT recep-
tors that are best understood in the context of drugs which are in contemporary use.  

2.2.3     5-HT 1a  Receptor 

 The 5-HT 1a  receptor is present in high density in the hippocampus, lateral septum, 
amygdala, cortical limbic areas, as well as in the dorsal raphe nucleus (DRN) and 
median raphe nucleus (MRN). It is thought that the 5-HT 1a  receptor plays a role in 
emotional states as well as in cognitive function [ 19 ]. 5-HT 1a  receptors are located 
postsynaptically in terminal fi eld areas of serotonergic innervation and are also 
present in high density on cell soma, particularly in the DRN and MRN. In the latter 
areas, 5-HT 1a  receptors function as somatodendritic autoreceptors, playing an inte-
gral role in the negative feedback modulation of neuronal serotonergic activity. In 
the terminal fi eld areas such as the hippocampus, 5-HT 1a  receptors lead to opening 
of potassium channels, leading to hyperpolarization, thus exerting an inhibitory 
effect when stimulated by 5-HT. 

2.2.3.1     Presynaptic Somatodendritic 5-HT 1a  Autoreceptors 

 These receptors play an important role in homeostatic control of 5-HT levels, 
inasmuch as activation of 5-HT 1a  autoreceptors by endogenous 5-HT or by drugs 
(e.g., SSRIs) leads to neuronal hyperpolarization and a reduction in neuronal fi r-
ing [ 23 – 26 ]. Somatodendritic 5-HT 1a  autoreceptors also play an important and 
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detrimental role in depressive illness, as patients with an increased activity or 
density of presynaptic 5-HT 1a  receptors are more likely to develop mood disorders 
and to exhibit a poor response to antidepressants [ 27 – 29 ]. 

 Paradoxically (at least acutely), activation of somatodendritic 5-HT 1a  autorecep-
tors by 5-HT 1a  agonists or SSRIs slows the rate of fi ring of serotonergic soma and 
reduces 5-HT neuronal activity and terminal 5-HT release, which limits the activa-
tion of postsynaptic 5-HT receptors. It has been proposed that this effect may play 
a role in the somewhat delayed (and possibly limited) effi cacy of antidepressants. 
With chronic administration of SSRIs, however, 5HT 1a  autoreceptors become desen-
sitized, ultimately leading to a recovery of 5-HT cell fi ring at the dorsal raphe, 
allowing for normalized 5-HT release and increased postsynaptic 5-HT neurotrans-
mission [ 30 – 33 ]. These effects translate into antidepressant and antianxiety effects 
vis-a-vis increased serotonergic neuronal fi ring rates [ 16 ,  18 ]. Similarly, buspirone 
is an example of a drug that can reduce anxiety by its partial agonist effects at the 
5-HT 1a  autoreceptor, while newer antidepressant drugs such as vortioxetine and 
vilazodone possess partial 5-HT 1a  agonist properties [ 34 ,  35 ].  

2.2.3.2     Postsynaptic 5-HT 1a  Receptors (5-HT 1a -Rs) 

 These receptors are expressed in brain regions such as the limbic cortex, cortical fore-
brain, and the spinal cord and are thought to play a prominent role in cortical function. 
In addition, as 5-HT 1a -Rs are present in up to 80 % of upper cortical layers of human 
prefrontal cortex (PFC), activation of 5-HT 1a -Rs in the PFC may modulate neuronal 
function more distally, similar to brainstem monoaminergic nuclei [ 36 ]. Indeed, it has 
been suggested that 5-HT 1a -R agonists may enhance forebrain catecholamine release, 
an effect which could be involved in antidepressant actions [ 37 ,  38 ]. Furthermore, 
chronic antidepressant treatment tonically activates hippocampal 5-HT 1a -Rs, and 
selective 5-HT 1a -Rs agonists have demonstrated antidepressant properties in preclini-
cal studies [ 21 ,  39 ,  40 ]. While these effects appear to contradict the aforementioned 
inhibitory action of 5-HT on 5-HT 1a -Rs, it should be noted that the functional effects 
of 5-HT 1a -Rs result in a paradoxical increase in fi ring activity [ 18 ,  41 ].   

2.2.4     5-HT 2a  Receptors 

 5-HT 2a  receptors are found postsynaptically in high concentrations in the frontal 
cortex, parts of the limbic system (hippocampus, amygdala), the basal ganglia, 
and the claustrum (connected to the visual cortex). The latter is of particular inter-
est in Parkinson’s disease, as increased 5-HT 2a  receptors in visual processing and 
limbic areas of the brain have recently been implicated in the genesis of visual 
hallucinations [ 42 – 44 ]. While pure 5-HT 2a  antagonists have not been shown to be 
effective for these symptoms, a 5-HT 2a  inverse agonist, pimavanserin, has recently 
demonstrated favorable results in the treatment of Parkinson’s disease psychosis 

2 Pharmacodynamics



34

(PDP) and, if successful in gaining regulatory approval, would represent a novel 
approach to the treatment of PDP [ 45 ,  46 ]. 

 The 5-HT 2a  receptor also continues to be of interest in the pharmacology of anti-
psychotic drugs, where 5HT 2a  antagonism has been proposed to contribute to a more 
favorable extrapyramidal side effect profi le of some drugs such as risperidone, 
though this property can be lost when risperidone is administered in higher doses 
[ 47 ]. The putative mechanism for this effect relates to the distribution of 5-HT 2a  
receptors in the basal ganglia, where antagonism of 5-HT 2a  receptors disinhibits 
dopamine (DA) neurons, thus allowing for a more normalized DA release in the 
basal ganglia. This receptor is also important in thermoregulation, as activation of 
central 5-HT 2a  receptors leads to an increase in body temperature (one of the signs 
of serotonin toxicity), which may be treated by administering 5-HT 2a  antagonists 
such as cyproheptadine [ 48 ,  49 ].  

2.2.5     5HT 2c  Receptors 

 The 5-HT 2c  receptor is present in high density in some areas of the limbic system 
such as the hypothalamus, hippocampus, septum, and neocortex, as well as in the 
substantia nigra and the globus pallidus. 5-HT is known to be an important neu-
rotransmitter for the central regulation of metabolism and appetite, where it has an 
inhibitory effect on feeding behavior, and the 5-HT 2c  receptor is responsible for 
mediating the anorectic actions of 5-HT [ 50 ]. Accordingly, drugs that activate 
postsynaptic 5-HT receptors decrease food consumption, while those that inhibit 
5-HT transmission increase food intake. Relevant examples of drugs that can 
decrease appetite are lorcaserin, a 5-HT 2c  receptor agonist recently marketed as an 
antiobesity drug, and fenfl uramine, 5-HT releaser whose effects include decreasing 
meal size, rate of eating (via its active metabolite, norfenfl uramine), and eating 
between meals. Conversely, drugs with 5-HT 2c  antagonist properties such as olan-
zapine are associated with weight gain [ 51 – 53 ]. Interestingly, there is evidence that 
the functional status of mesocorticolimbic DA system is under tonic and phasic 
inhibitory control by 5-HT. 5-HT acts via stimulation of 5HT 2c  receptors, as shown 
by the effect of 5HT 2c  antagonists, which enhance mesocorticolimbic DA function 
[ 14 ,  15 ,  54 ].  

2.2.6     The 5-HT 3  Receptor 

 In the gastrointestinal tract, 5-HT regulates intestinal secretion and motility by acti-
vating 5-HT 3  receptors [ 55 ,  56 ]. In the CNS, 5-HT 3  receptors are located postsynap-
tically to 5-HT neurons (hippocampus and entorhinal cortex) and also in the PNS 
(spinal cord and medulla). The highest density of 5-HT 3  receptors is found in the 
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area postrema, where the chemoreceptor trigger zone (CTZ) exists. Despite the fact 
that the most well-recognized role for 5-HT 3  antagonists (e.g., ondansetron) are 
their antinauseant and antiemetic effects, the therapeutic effect of 5-HT 3  antagonists 
has largely been attributed to their peripheral effects in the gastrointestinal tract, as 
peripherally released 5-HT by enterochromaffi n cells of the gastrointestinal tract is 
largely responsible for increased afferent signals to the CTZ, ultimately leading to 
nausea and vomiting.  

2.2.7     5-HT 1d  Receptors 

 5-HT 1d  receptors are found in high density in the substantia nigra, globus pallidus, 
and cranial blood vessels; they are involved in migraine pathobiology and may be 
involved in diseases of the basal ganglia [ 10 ,  57 ]. 5-HT 1d  receptors are located pre-
synaptically on 5-HT neurons where they modulate the release of 5-HT; they are 
also located postsynaptically, where they may affect the release of ACh and DA in 
the hippocampus and prefrontal cortex, respectively. The triptan family of drugs 
(e.g., sumatriptan, rizatriptan) has a well-established place for the treatment of 
migraine headaches and is believed to exert their therapeutic effects via cranial 
blood vessel constriction and/or inhibition of neurogenic infl ammation in the dura 
mater [ 58 ,  59 ].  

2.2.8     Catecholamines 

 Catecholamines belong to a larger group of transmitters known as monoamines. In 
the brain, dopamine, norepinephrine, and epinephrine are the predominant 
catecholamines. 

 Dopaminergic nuclei are found primarily in the midbrain, and groups A8 to A10 
are of most relevance to contemporary neuropsychopharmacology [ 60 ]. Specifi cally, 
the A9 nucleus projects to the dorsal caudate putamen, comprising the nigrostriatal 
system; the A8 and A10 nuclei project to limbic and frontal cortical areas and com-
prise the mesolimbic and the mesocortical pathways; in addition, an intermediate 
projection system of interest is the tuberoinfundibular pathway which projects from 
hypothalamic nuclei to the median eminence of the hypothalamus; DA is released 
from axons of this pathway into the hypothalamic-hypophyseal portal system and is 
subsequently transported to the anterior pituitary gland. The nuclei groups A8 to 
A10 make up long projection systems and link the substantia nigra (A9) and the 
ventral tegmental areas (A8, A10) with the neostriatum (caudate putamen), limbic 
cortex (medial prefrontal, cingulated, and entorhinal areas), and additional limbic 
structures (nucleus accumbens, amygdaloid complex, olfactory tubercle, and piri-
form cortex). 
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 With regard to noradrenergic (NA) nuclei, the locus coeruleus (LC, A6, and A4) 
is the most important, projecting from the midbrain widely across the brain to the 
cortex, limbic regions, and hindbrain. The LC-NA system plays a key role regulat-
ing energy levels, reactivity, attention, executive function, arousal, and vigilance; 
NA stimulation serves to enhance the signal-to-noise ratio in its target areas [ 61 ,  62 ]. 

2.2.8.1     Dopamine 

 In the 1950s, dopamine was identifi ed as a potential neurotransmitter by Arvid 
Carlsson, which led to the dopamine hypothesis of schizophrenia [ 63 ]. Soon there-
after, the role of DA as a key neurotransmitter involved in movement, learning, 
pleasure, and mood became evident. There are fi ve different dopamine receptors, 
D1-like (D1, D5) and D2-like (D2, D3, D4), and drugs acting at the D2 receptor 
have been available to treat psychotic symptoms since the 1950s. D2-R antagonists 
and one partial agonist (aripiprazole) are effective against psychotic and manic 
symptoms by virtue of their ability to antagonize the D2 receptor thereby function-
ally lowering the relatively high levels of DA associated with psychotic and/or 
manic states. D2-R antagonism in the nigrostriatal, tuberoinfundibular, and frontal 
cortical areas also explain the well-known side effects of DA antagonists, namely, 
extrapyramidal side effects, hyperprolactinemia, and cognitive impairment [ 47 ]. In 
addition, various sources of evidence support a role for decreased dopaminergic 
neurotransmission in the neuropathophysiology of depression, including the effi -
cacy of drugs that directly act on the dopaminergic neurons or receptors [ 64 ]. 

 Psychomotor stimulants such as amphetamines produce increased activity, 
euphoria, talkativeness, and a general sense of well-being. The dopamine trans-
porter (DAT), SERT, and norepinephrine transporters (NET) represent important 
targets for these drugs. For example, amphetamines increase synaptic DA by block-
ing its uptake (as it is a substrate for the DAT) and reverse the DAT to release DA 
into the synapse via exchange effusion, while additional mechanisms may also con-
tribute to its effects [ 65 ]. These drugs have an established place in the treatment of 
narcolepsy and attention defi cit hyperactivity disorder.  

2.2.8.2     NE Receptors and Drugs 

 Various adrenergic receptors in the CNS may be manipulated pharmacologically. 
Perhaps one of the earliest examples of relevance is the tricyclic antidepressants 
(TCAs), which, after repeated treatment, lead to a downregulation of postsynaptic 
beta-adrenergic receptors and presynaptic alpha-2 receptors. These effects are 
thought to mediate the antidepressant effect of TCAs by ultimately increasing NE 
neurotransmission. Specifi cally, antagonism of alpha-2 adrenergic autoreceptors 
increases NE release, and preliminary preclinical and clinical data support such an 
effect [ 17 ,  62 ,  66 ]. As a clinically relevant example, in a 6-week study comparing 
the combination of mirtazapine and paroxetine versus either agent alone, Blier et al. 
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noted that the combination resulted in greater improvement in depressive symptoms 
as measured by the MADRS ( p  < 0.05) and a faster response with combined treat-
ment at day 7 of therapy [ 67 ,  68 ]. Other contemporary antidepressants such as the 
serotonin-norepinephrine reuptake inhibitors (SNRIs) are likewise presumed to 
exert their therapeutic effects in part by inhibiting reuptake of 5-HT and NE, ulti-
mately leading to therapeutic effects similar to the combined use of SSRIs and 
TCAs [ 62 ,  66 ]. Additionally, various psychiatric states characterized by SNS hyper-
activity and symptoms such as aggression may be treated with clonidine, a centrally 
acting alpha-2 agonist which decreases LC fi ring and NE release and overall CNS 
sympathetic output by acting at the presynaptic autoreceptor. Alpha-1-adrenergic 
receptor pharmacological manipulation also yields clinically important effects. For 
example, antagonism of central alpha-1 receptors by drugs such as prazosin or by 
antipsychotic drugs with alpha-1 antagonist properties will lead to sedation due to 
the role of NE in sleep neurobiology and the presence of these receptors in the 
medial preoptic area [ 69 ,  70 ]. Alpha-1 adrenergic receptors are also central to the 
signs and symptoms of posttraumatic stress disorder, and it is for these reasons that 
alpha-1 antagonists such as prazosin are used in the treatment of this disorder [ 71 ].   

2.2.9     GABA Receptors 

 Gamma aminobutyric acid (GABA) is the major rapid acting inhibitory neurotrans-
mitter in the brain. Accordingly, GABA receptors have been identifi ed in all regions 
of the brain, and many neuropsychiatric disorders are associated with altered GABA 
function including anxiety, sleep disorders, seizure disorders, drug dependence, and 
schizophrenia [ 72 – 74 ]. Two receptor subtypes have been identifi ed, GABA a  and 
GABA b . The GABA a  receptors (chloride, ligand-gated ion channels) currently serve 
as the target for many CNS active drugs such as benzodiazepine receptor agonists 
(BZRAs), anesthetics, and others, and facilitate Cl ion infl ux, leading to neuronal 
inhibition secondary to neuronal hyperpolarization. GABA a  receptors are located on 
neuronal terminals, where their activation inhibits neurotransmitter release, be it 
excitatory or inhibitory. 

 Considering the inhibitory nature of GABA, it is not surprising that drugs with 
pro-GABA properties have been widely exploited in clinical practice. The most 
common drugs include BZRAs, used for insomnia, anxiety, and seizures, general 
anesthetics, and muscle relaxants. By enhancing inhibitory neurotransmission, 
BZRAs cause an overall CNS depressing effect, leading to anxiolysis, and sedative/
hypnotic effects. Specifi cally, BZRAs bind to allosteric sites distinct from the 
GABA-binding site on the GABA a  receptor complex, as do barbiturates, alcohol, 
and anesthetics such as propofol; the therapeutic actions of BZRAs are attributable 
to an increase in the frequency of channel opening in response to endogenous 
GABA, whereas barbiturates may increase the duration of channel opening; these 
observations demonstrate that the overall end result of enhancing chloride ion fl ux 
may be achieved by overlapping, yet slightly different means [ 75 – 77 ]. It should be 
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noted that unlike benzodiazepines, compounds such as zolpidem and zopiclone, 
which also exert their effects at the alpha-1 subunit of GABA a  receptors are not 
effective as anticonvulsants or muscle relaxants [ 78 ]. These differences are not sur-
prising, as preclinical models demonstrate that the alpha-1 subunit of the GABA a  
receptor plays a major role in the sedative, amnestic effects, part of the  anticonvulsant 
effects, and little of the anxiolytic effects, while the alpha-2 subtype mediates anx-
iolytic effects and muscle relaxant effects [ 72 ]. 

 As previously noted, GABA a  receptor activation at neuronal terminals may 
inhibit neurotransmitter release, be it excitatory or inhibitory. These observations 
are congruent with recent fi ndings suggesting a role for GABA a  receptors in wake-
fulness [ 79 ,  80 ]. Indeed, mounting preclinical data have demonstrated that increas-
ing GABA levels in the pontine reticular nucleus (PnO), oral part, increase 
wakefulness, though the mechanisms by which this occurs remain unclear [ 74 ]. 
These novel fi ndings suggest that GABA mimetic drugs have site-specifi c and 
opposite actions on sleep and wakefulness depending on their site of action in the 
brain, representing a novel approach to the treatment of disorders characterized by 
excessive somnolence.  

2.2.10     Glutamate 

 In contrast to GABA, glutamate is the major excitatory neurotransmitter in the 
CNS, being the principal fast CNS excitatory transmitter, and it is involved in nor-
mal synaptic transmission [ 81 ,  82 ]. There are ionotropic (AMPA, Kainate, and 
NMDA) and metabotropic glutamate receptors (Groups 1–3) that mediate the 
effects of glutamate [ 83 ,  84 ]. NMDA receptors (NMDARs) are essential for regulat-
ing use-dependent synaptic remodeling, long-term changes in synaptic strength, 
and synaptogenesis. These receptors play an important role in learning and memory, 
via long-term potentiation (in hippocampus) and long-term depression [ 85 ]. In 
addition, NMDARs are expressed in certain inhibitory GABA interneurons, whose 
activation aids in improving the signal-to-noise ratio in cortical circuits such as the 
prefrontal cortex [ 86 ]. 

 Excessive excitotoxicity has been attributed to excessive extrasynaptic NDMAR 
activation leading to neuronal death in diseases such as Alzheimer’s disease (AD), 
multiple sclerosis, and schizophrenia. Currently available NMDA antagonist drugs 
include memantine and amantadine and riluzole, the latter being both an NMDA 
antagonist and a kainate type receptor antagonist [ 87 ,  88 ]. Memantine is an open- 
channel (noncompetitive), moderate-affi nity NMDAR antagonist which binds at, or 
near, the magnesium-binding site with strong voltage dependency and rapid 
blocking- unblocking kinetics [ 89 ]. This drug demonstrates a preferential blockade 
of excessive NMDAR activity while sparing normal synaptic function and is used in 
moderate to severe AD [ 82 ]. Memantine’s putative mechanism of action in AD 
includes a possible reduction in glutamate-related excitotoxicity which is more 
apparent, yet still not fully delineated in more advanced stages of AD [ 89 – 91 ]. The 
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drug may also have direct, yet still poorly defi ned effects on cognition and neuro-
psychiatric behaviors associated with dementia, though further investigation is nec-
essary [ 92 ,  93 ].  

2.2.11      Histamine 

 Histamine is a signaling molecule perhaps best known for its role in gastric acid 
secretion and in immune-based responses such as infl ammation and allergies [ 3 ,  4 ]. 
In the CNS, histaminergic neurons are exclusively found in the tuberomammillary 
(TM) nucleus of the posterior hypothalamus and innervate widely across the brain 
to hypothalamic nuclei, the medial septum, the ventral tegmental area, and nucleus 
of the diagonal band and also in moderate density in the substantia nigra, amygdala, 
striatum, and cerebral cortex [ 94 – 96 ]. Histaminergic neurons display state- 
dependent spontaneous activity (i.e., pacemaker-like), have their highest fi ring rates 
during periods of wakefulness or attention, and are absent during sleep. It is cur-
rently known that three histamine receptors are expressed in the brain, namely, H 1  
and H 2  (excitatory) and H 3 , which is an inhibitory autoreceptor [ 97 ]. The latter is of 
particular importance to ongoing investigations of various CNS diseases (discussed 
later in this chapter under Sect.  2.2.11 ). 

 In the CNS, histamine largely acts in a manner that is consistent with its ability 
to increase neuronal activity [ 98 ]. As such, it is not surprising that histamine plays 
a key role in sleep disorders such as insomnia. Indeed, TM cells only fi re during 
waking and are inhibited by GABA-ergic neurons in the preoptic area; the evolving 
role of selective, brain-penetrating H 1  antagonists such as ultra low-dose (3–6 mg) 
doxepin and orexin agonists and antagonists is a relevant example of drugs that 
specifi cally target the effects of histamine for treatment of sleep/wake disorders [ 99 , 
 100 ]. In addition to its role in sleep, histamine also affects appetite by suppressing 
food intake (likely mediated by the ventromedial hypothalamus and also by the 
effects of leptin and orexin on histamine), while antagonism of the H 1  receptor leads 
to increases in appetite and weight gain [ 101 ,  102 ] (Table  2.1 ).

2.2.12        Acetylcholine and the Cholinergic System 

 Acetylcholine is a neurotransmitter with various effects in the CNS and PNS and 
acts as part of the autonomic nervous system [ 103 ,  104 ]. Within the CNS, choliner-
gic neurons are widely distributed from the nucleus basalis of Meynert to all parts 
of the neocortex and from the pedunculopontine tegmental nucleus and the dorso-
lateral tegmental nucleus to many areas in the CNS, the most salient of which is the 
thalamus; these pathways are central to sleep and cortical arousal [ 69 ,  70 ,  105 ,  106 ]. 
There is also a group of cholinergic neurons in the striatum, namely, interneurons 
which are of relevance in the overall functioning of the extrapyramidal system. Two 
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types of cholinergic receptors exist, namely, muscarinic (mAChR) and nicotinic 
(nAChR) cholinergic receptors [ 107 ]. 

 Neuronal nAChRs represent a family of receptors with 11 neuronal subunits 
in mammals. In the brain, nAChR subunit expression differs according to regions. 
The cortex, thalamus, and dopamine neurons are endowed with abundant alpha-4 
and beta-2 subunits, whereas in the hippocampus the alpha-7 subunit is highly 
expressed. It is likely that neuronal nAChRs exert a modulatory infl uence on 
synaptic transmission that is subtle compared to the fast synaptic transmission 

   Table 2.1    Selected receptors and representative agonists and antagonists   

 Receptor type  Agonists  Antagonists 

  Serotonergic  
 5-HT 1a   Buspirone a , vortioxetine b   Pindolol c  
 5-HT 1d   Sumatriptan 
 5-HT 2a   Lorcaserin  Cyproheptadine, risperidone d , 

pimavanserin e  
 5-HT 2c   Ergotamine (also 5-HT 2a  

agonist) 
 Olanzapine d , fl uoxetine d  

 5-HT 3   Ondansetron 
  Catecholaminergic  
 DA 2   Bromocriptine  Haloperidol d , risperidone d  
 Alpha-2  Clonidine, tizanidine, 

guanfacine 
 Yohimbine, mirtazapine d  

 Alpha-1  Phenylephrine, midodrine  Prazosin, alfuzosin, tamsulosin 
  GABA  
 GABA a   Benzodiazepine receptor 

agonists (various) 
 Flumazenil, penicillin 

  Glutamate  
 NMDA  Memantine, ketamine 
  Histamine  
 Hm 1   Loratadine, doxepin (H 1  

selective at doses <6 mg) 
 Hm 2   Ranitidine 
  Cholinergic  
 mAChRs 
 Peripheral neuronal nAChRs  Ach, nicotine  Mecamylamine 
 Peripheral skeletal muscle 
nAChRs 

 Ach, nicotine, 
succinylcholine 

 D-tubocurarine, vecuronium 

  Opioid  
 Mu  Morphine  Naltrexone 
 Kappa  Butorphanol  Naltrexone 

   a Partial agonist 
  b Partial agonist and has various other activities including serotonin reuptake inhibition 
  c Partial agonist and beta-adrenergic antagonist 
  d Antagonist and also has other activities 
  e Inverse agonist  
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modulated by neuromuscular junctions and autonomic ganglia receptors in the 
periphery. Alpha-7 nAChRs contribute to synaptic plasticity, including long-term 
potentiation (i.e., learning and memory) and are associated with glutamate termi-
nals and GABA neurons. 

 Nicotine promotes dopamine release by activating somatodendritic and presyn-
aptic alpha-4-beta-2* nAChRs, and these effects are key to its reinforcement prop-
erties, which ultimately lead to dependence. This occurs within the ventral tegmental 
area (VTA), where nicotine also exerts its effects via GABA neurons and glutamate 
nerve terminals to collectively increase DA release. The VTA DA neurons project 
to the cortical and limbic target regions, and the nucleus accumbens is of particular 
relevance because it is central to reinforcement properties of drugs of abuse. 
Additionally, endogenous opioid and endocannabinoid transmission in reward cir-
cuitry play important roles in the behavioral effects of nicotine. Relatedly, vareni-
cline is a partial agonist at alpha4beta2* nAChRs and is proposed to mimic the 
effects of nicotine while preventing nicotine from other exogenous sources (i.e., 
cigarettes, smokeless tobacco, etc.) to bind to the receptor [ 108 ]. 

 Nicotinic cholinergic receptors are also of great importance to anesthesia. Indeed, 
neuromuscular blockade leading to muscle relaxation has been possible for about 
100 years via reversible antagonism of nACHRs and has been a key adjunct to sur-
gical anesthesia. Tubocurarine, which is part of the arrow poison used by South 
American Indians, represents a naturally occurring nACHR antagonist. 
Contemporary neuromuscular antagonists (e.g., vecuronium, pancuronium, atracu-
rium) were developed to allow for rapid reversal of neuromuscular blockade and to 
produce a non-depolarizing blockade of muscle nACHRs. 

 Muscarinic cholinergic receptors are widely distributed in the CNS, PNS and 
parasympathetically innervated cardiac and gastrointestinal smooth muscle. In the 
CNS, the M 1  mACHR is the predominant form of mACHRs and is found postsyn-
aptically in the cortex, hippocampus, striatum, and thalamus. Acetylcholinesterase 
inhibitors have been in use for over 20 years for the symptomatic treatment of 
Alzheimer’s disease and lead to mACHR activation by increasing the availability of 
ACh via inhibiting its breakdown. Conversely, in Parkinson’s disease, antimusca-
rinic drugs (e.g., benztropine) are used to restore the dopaminergic-cholinergic 
imbalance that results from a relative striatal excess of ACh secondary to dopami-
nergic neuronal loss.  

2.2.13     Opioids 

 Opioid receptors generally mediate neuronal inhibition and include mu-opioid recep-
tors, kappa-opioid receptors and delta-opioid receptors. These receptors are widely 
and differentially distributed within the CNS and PNS. The opioid system plays a 
pivotal role in analgesia at the supraspinal, spinal, and peripheral levels [ 109 ]. Opioid 
binding leads to hyperpolarization of the cell membrane secondary to activation of 
inwardly rectifying potassium channels, resulting in neuronal hyperpolarization. 
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Morphine is the prototypical relatively selective mu-opioid agonist, while endoge-
nous ligands for this receptor include endorphins, enkephalins, and dynorphins. 
Analgesia from opioids is mediated largely by their central effects, where activation 
of the mu receptor by an agonist such as morphine results in presynaptic inhibition 
of glutamate release. In the periphery and dorsal horn, selective reduction of trans-
mitter release (i.e., glutamate, substance P, CRGP) from nociceptors results from the 
actions of opioids at mu and delta receptors in the central terminal of A delta and C 
fi bers. Neurons in the periaqueductal gray area and RVM, thalamus, amygdala, and 
somatosensory cortex are also involved in opioid analgesia. Adverse effects of opi-
oids include respiratory depression, constipation, urinary retention, miosis, nausea, 
vomiting and urinary retention, drowsiness, euphoria, changes in mood, and cogni-
tive dulling [ 110 ].   

2.3     Conclusions and Future Directions 

 This chapter has attempted to summarize key concepts across selected aspects of 
CNS pharmacodynamics, yet much more could be written about a plethora of new 
and emerging developments in the fi eld. The aim was to introduce the reader to 
some of the more well-known (or at least largely agreed upon putative mechanisms) 
areas of CNS pharmacodynamics, while acknowledging that much remains to be 
learned and that, in some cases, the literature reveals confl icting fi ndings. With that 
in mind, it should be noted that common emerging themes exist, including – but not 
limited to – ongoing clarifi cation of the role of receptor subtypes that may represent 
viable therapeutic targets for CNS diseases with the potential for decreased 
toxicity. 

 Advances have led to development of drugs such as lorcaserin, a 5-HT 2c  receptor 
agonist marketed as an antiobesity agent with no appreciable effect on 5-HT2 b  
receptors which are of central importance to valvular and pulmonary toxicity with 
fenfl uramine [ 46 ,  50 ,  111 ]. Similarly, pimavanserin, a 5-HT 2a  inverse agonist was 
developed for the treatment of Parkinson’s disease psychosis, demonstrating that 
ongoing refi nement of therapeutic targets can lead to new approaches for treating 
this condition that are void of well-known adverse effects associated with antipsy-
chotic drugs. Likewise, the successful development of peripherally selective alpha 1a  
antagonists such as tamsulosin and silodosin for prostatic hypertrophy, and selective 
antimuscarinic agents such as darifenacin, fesoterodine, and trospium for overactive 
bladder, also represents improvements in therapy as these drugs provide effective 
treatment with signifi cantly reduced central and peripheral nervous system adverse 
events [ 112 ,  113 ]. Nonetheless, despite increasing clarity regarding the role of cer-
tain receptors such as the NDMA receptor in normal neural function and in the 
pathobiology of neurologic or psychiatric diseases, such advances represent only 
one of the multiple putative mechanisms for these diseases. It is thus becoming 
increasingly evident that future drug development will need to address this issue 
vis-a-vis development of drugs designed to be added on to existing pharmacothera-
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pies. A salient example includes ongoing efforts to develop compounds such as 
alpha-7 and alpha4beta42 nicotinic cholinergic receptors to improve cognition in 
dementia and schizophrenia when administered as adjunct pharmacotherapy. 
Further, continuing developments on the mechanisms of cholinergic modulation of 
cognition suggest that this system is far more complex than previously thought 
[ 114 ,  115 ]. 

 In addition to the aforementioned, notable developments in drug development 
include proof-of-concept studies of ketamine as a fast-acting antidepressant, new 
truly mixed action antidepressant drugs such as vortioxetine, and ongoing testing of 
triple reuptake inhibitors for depression [ 116 – 118 ]. There is also exciting work in 
serotonergic receptor pharmacology that suggests that 5-HT receptors such as 
5-HT 6  and 5-HT 7  may have potential roles in the treatment of depression and cogni-
tion [ 22 ]. In addition, the histaminergic system is being investigated to determine 
additional roles for histamine receptors; these include the H 3  receptor and its poten-
tial role in neurodegenerative diseases, cognition, and other conditions as well as 
the orexins for sleep-wake disorders [ 97 ,  100 ]. Additional areas of promise in neu-
ropsychopharmacology include enhancement of neuroplasticity for mood and anxi-
ety disorders, GABA, and glutamate manipulation in schizophrenia. In conclusion, 
the pharmacodynamics of centrally acting agents represents a ripe and exciting area 
for continued research and drug development.     
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Chapter 3
Positron Emission Tomography (PET)  
Use in Pharmacology

Jonathon A. Nye and Leonard Howell

Abstract Positron emission tomography (PET) is a sensitive and specific noninva-

sive imaging technology used to measure the 3-dimensional distribution of mole-

cules and their functional outcome over time. This is achieved by detecting the 

annihilation photons resulting from the decay of radioisotopes (i.e., oxygen-15, 

nitrogen-13, carbon-11, fluorine-18) chemically labeled to biologically active mol-

ecules. The functional fate of these radiolabeled molecules may be determined by 

examining the images formed from the 3-dimensional reconstruction of the decay 

events. The approximate sensitivity of PET is picomolar, which permits the injec-

tion of molecular masses far below that known to disturb most physiological pro-

cesses. This methodology is known as the “tracer technique” and is the basic 

analysis principle used to extract quantitative information from PET images. PET 

has the ability to provide valuable information related to functional processes of the 

body including blood flow, transport rates, receptor density, and drug occupancy. 

This chapter focuses on the physics of PET and its use in answering questions 

related to pharmacology. The basic principles of PET imaging will be reviewed fol-

lowed by methods to derive quantitative information related to physiology from the 

image data. The application of compartmental modeling will be discussed in detail 

as will potential pitfalls that can occur during data collection.
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Positron emission tomography (PET) is a sensitive and specific noninvasive imag-

ing technology used to measure the 3-dimensional distribution of molecules and 

their functional outcome over time. This is achieved by detecting the annihilation 

photons resulting from the decay of radioisotopes (i.e., oxygen-15, nitrogen-13, 

carbon-11, fluorine-18) labeled to biologically active molecules. The functional fate 

of these radiolabeled molecules may be determined by examining the images 

formed from the 3-dimensional reconstruction of the decay events. The approxi-

mate sensitivity of PET is picomolar, which permits the injection of molecular 

masses far below that known to disturb most physiological processes. This method-

ology is known as the “tracer technique” and is the basic analysis principle used to 

extract quantitative information from PET images.

The design of the biochemically active molecule depends on the system to be 

studied and may be endogenous or an analogue to the functional system. As an 

example, the most widely used radiotracer in PET is fluorine-18 labeled glucose 

an F-18 atom resulting in a nonnatural analogue of glucose. The analogue nature of 

compared to glucose and eventually becomes trapped within a cell following phos-

-

1]. The rate constants 

using principles of pharmacology, which allow for the estimation of regional glu-

cose metabolism. PET has the ability to provide valuable information related to 

functional processes of the body including blood flow, transport rates, receptor den-

sity, and drug occupancy.

This chapter focuses on the physics of PET and its use in answering questions 

related to pharmacology. The basic physical principles of PET imaging will be 

reviewed followed by methods to derive quantitative information related to physiol-

ogy from the image data. The application of compartmental modeling will be dis-

cussed in detail as will potential pitfalls that can occur during data collection.

3.1  Physical Principles of PET Imaging

PET takes advantage of the unique characteristics of positron decay. The purpose of 

the decay is to shed positive charge and reach a stable energy state. This decay 

process results in a daughter isotope with an atomic number one less than the par-

ent. For example, the positron decay of fluorine-18 results in stable oxygen-18. 

-

origin. Once the positron has expended its kinetic energy, it meets its antiparticle, 

an electron and annihilates. The annihilation results in two nearly colinear 511 keV 

-

fore, a pair of annihilation photons is ideally detected by opposing detectors which 
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is called coincidence detection. The two opposing detectors form a line in space, 

can be used to estimate the location of radioactive sources in a 3-dimensional vol-

many angles and used to recreate the 3-dimensional distribution of the radioactive 

sources.

For a subject injected with a radiotracer that emits positrons, the resulting anni-

are made of several rings sandwiched together, and all detectors are continuously 

monitoring for photons. The number of photons intercepting these detectors will 

detected are restricted to a single detector ring by lead collimation placed between 

events are free to cross between rings, substantially increasing sensitivity of detec-

tion but also presenting additional challenges (Fig. 3.1).

The process of detection is not perfect and is statistically bound by the conver-

-

verted to an electrical signal, and from that signal, the photon energy, location, and 

opposing detectors recorded an event within a very short coincidence timing win-

dow (i.e., a few nanoseconds), then there is a high probability that the photons origi-

called prompt coincidence events.

recorded energy is 511 keV, then it is overwhelmingly likely the photon did not 

interact with tissue in its flight to the detector. Events with less energy suggest the 

a b c

Fig. 3.1
occurs several millimeters from the decay origin. The dotted line represents the line of response, 

along which the scanner assigns the decay event. (a -

goes Compton scattering before reaching the detector. (b) True event, both annihilation photons 

reach opposing detectors uninhibited. (c
separate decay events reach the detectors

3 Positron Emission Tomography (PET) Use in Pharmacology



photon lost energy by scattering in the body and that its current line of trajectory 

does not include the origin of the annihilation event.

There are four categories of prompt coincidence events: true, random, scatter, 

and multiple. True events (Fig. 3.1b) occur when both photons originate from a 

single annihilation source and intercept the detectors at their original energy, 

511 keV. These events occur within the coincidence timing window and are the 

most desirable. The reconstruction of these events will estimate the distribution of 

3.1c) may also 

511 keV photons that originated from separate annihilation events. The resulting 

events are random in time and space and add a uniform background to the image. 

Fortunately, the randomness in time can be exploited by choosing a coincidence 

directly during the data acquisition process.

A scatter event (Fig. 3.1a) is when one of the annihilation photons interacts 

with tissue resulting in a transfer of energy to the tissue and a change in trajectory 

from its original path. The greater the angle of scatter from its original trajectory, 

in the scatter event, that photon’s energy will fall below the accepted photon 

will not include the origin of the original annihilation event. The recording of scat-

ter events increases the background causing a loss of image contrast. These events 

cannot be measured during the data collection and therefore are modeled using 

specialized software. The last event type is a multiple event, which is a combina-

tion of a true and random event resulting in three detected events within the coin-

are rare.

There is one event that is not recorded in the prompt dataset: an attenuation 

event. Attenuation is the loss of annihilation events because they are either absorbed 

in the tissue or scattered outside the detector plane. Attenuation depends on the total 

path length traveled by the annihilation photons. Therefore, photons originating 

from the center of an object have a greater probability of being attenuated compared 

to those originating from the periphery of the object. The result of attenuation is a 

depressed signal in center of the image compared to the periphery. Estimating these 

lost events is relatively straightforward and can be accomplished by collecting 

transmission data of the object as explained in the next section.

The spatial resolution of PET is limited by a few primary physical factors: 

detector size, positron range, and non-colinearity of the annihilation photons. 

-

angular columns focused at the center of the scanner. Their size range from 
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decay event, the positrons carry kinetic energy and travel a finite distance expend-

ing that energy into surrounding tissue before annihilating with an electron. The 

higher the kinetic energy of the positron, the greater the distance traveled from its 

decay origin. This distance adds uncertainty to the location of the original decay 

site and contributes to resolution degradation in the reconstructed image. Lastly 

the majority of annihilation events do not result in perfectly colinear 511 keV pho-

tons because some residual momentum is left with the positron at the time of 

three physical factors of the detection process limit the intrinsic resolution of a 

scanner with smaller detectors and a smaller ring diameter will improve the intrin-

sic resolution, but as the size decreases, the positron range will eventually domi-

nate the resolution degradation.

Objects smaller than the spatial resolution of the PET system can still be resolved 

in an image, but the measured radioactivity concentration and contrast are dimin-

ished compared to the truth. The spatial resolution of a system is measure by placing 

a point object in the scanner field of view and collecting an image. The resulting 

-

tion. A PET system is able to correctly measure the true radioactivity concentration 

PET systems, the pixel intensities in the reconstructed image no longer represent the 

true concentration. This physical effect is called the partial volume problem. 

However, this loss in signal can be modeled and corrected using methods of partial 

volume correction.

3.2  Corrections and Image Formation

reconstruction, and two general methods are available: (1) a direct inversion process 

likelihood expectation maximization. The former algorithm requires fewer compu-

tational recourses compared to expectation maximization but is limited by assump-

tions that include geometric invariance across the field of view, noiseless data, 

perfect corrections for true events, and no gaps in the tomographic projections. 

These assumptions are not necessary for expectation maximization because the 

physics of the photon interactions and scanner geometry among other aspects can 
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be included in the algorithm during reconstruction. However, before the projection 

data can be reconstructed into an image, corrections need to be made to address 

random events, scatter events, and attenuation effects in the prompt dataset.

As briefly discussed above, random events are random in time and space. These 

events are measured in two ways: (1) direct measurement using a delayed window 

contrast and resolution. The distribution of scatter in an image is dependent on the 

through the center of an object. Thus, a reconstructed image without scatter correc-

tion will have the appearance of higher radioactivity at the center of the object. 

depends on the radioactivity distribution and attenuating structures of the object. 

estimated using knowledge of the radioactive and structural source distributions. 

The algorithms that are most commonly used are the single scatter simulation, con-

-

mental difficulties can result in the application of these algorithms. First, these 

of view is typically overcome by calculating the shape of the scatter profile and then 

scaling to scattered radioactivity measured outside the object. The second difficulty 

is estimating scatter at low count rates where scaling of the profile can be erroneous 

due to increased uncertainty in the detected scatter events. The total scatter in the 

prompt dataset depends on the mode of operation. The scatter signal comprises 

estimated scatter from the prompt dataset resulting in the sum of true coincidence 

events.

Attenuation correction estimates the loss of signal in a dataset due to photons 

PET, attenuation of an object depends on the total path length traveled along an 

-

tivity at the edge of the field of view and acquiring counts with and without the 

object in the scanner. The logarithm of the ratio of these measurements will give the 

attenuation factor for a given line of response. Traditionally, the transmission scan 

-

tems, the transmission scan is acquired using a computed tomography (CT) scanner. 

These hybrid (PET/CT) systems provide two major advantages compared to tradi-

tional systems. First, the CT provides anatomical detail that can be fused with the 
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PET reconstruction for localization and correlation of radiotracer uptake with anat-

noiseless data when compared to external rotating sources, thereby minimizing the 

propagation of transmission data noise into the reconstructed image. Attenuation 

correction is performed by multiplying the true coincidence events by a set of atten-

uation correction factors.

the final result should be a dataset made up of true events. FBP requires that the 

corrections to randoms, attenuation, and scatter be performed perfectly prior to 

reconstruction. There are additional corrections needed to meet the requirements 

for filtered back projection, including scanner geometry and detector efficiency. 

Although great effort is spent in instrument calibration and computational resources 

to generate these corrections, invariably a breakdown does occur in the FBP 

assumptions, and the results can be observed in the image. Poisson noise in the 

individual lines of response results in streaks in the images radiating out from the 

center of the field of view. This is most apparent outside the object where both posi-

-

cess should be acceptable to take advantage of the fast reconstructions offered by 

this algorithm.

The iterative reconstruction process is not constrained by the same assump-

tions as FBP but does have drawbacks. The process of iterative reconstruction can 

incorporate many aspects of the imaging process into the algorithm to compute 

the most likely source distribution that created the prompt dataset. The iterative 

process begins with a guess of the source distribution. The scanning process is 

then simulated by forward projecting the guess to create a simulated prompt data-

set. The simulated dataset is then compared to the measured prompt dataset, and a 

correction for the guess image is created. The guess image is then updated, and the 

process occurs repeatedly through several iterations until the simulated data 

match, or closely match, the measured dataset. The advantage of the iterative 

reconstruction process is the inclusion of the corrections (i.e., randoms, scatter, 

and attenuation). Poisson count statistics and other physical scan processes are 

factored into the scanning simulation step of the algorithm. The result is an image 

that is much more accurate, as noted by a visual improvement in contrast and 

noise compared to FBP. The drawback of the iterative method is a substantial 

increase in computational time. The process of simulating the scanner physics is 

time consuming, and increasing the number of corrections adds to the computing 

time. A second drawback is deciding how many iterations are necessary for the 

simulated data to be considered matched to the measured dataset. Because the 

decay and acquisition process follow well-known Poisson distributions, the deci-

a number of iterations that when exceeded result in an incremental improvement 

-

sons. The choice of using FBP or iterative reconstruction is often a legacy matter, 

but as computation power increases, iterative reconstruction has become 

preferred.
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3.3  Quantification

PET offers the possibility of absolute quantitative measurements of radiotracer con-

centration in vivo. This implies that the voxel intensities are directly proportional to 

the radioactivity concentration. There are several methods of image processing to 

extract physiologically relevant data from PET images, from the simplistic data 

needed information from the analysis of image data, it is desirable that the process 

be easily reproducible and reliable across subjects with various biological states. 

This would permit studying populations or the progression/inhibition of biological 

states in an individual before and after treatment. The purpose of this section is to 

describe techniques to quantify PET image data.

3.3.1  Standardized Uptake Value

calculated by normalizing the measured radiotracer concentration in a target tissue 

to the ratio of the administered radioactivity and subject mass. This normalizing 

step is an attempt to compensate for the inter- and intra-subject variation and offers 

given enough time post injection, the radiotracer will reach peak uptake or tran-

subject to variability from a number of sources such as the duration of the scan, 

physical decay correction, biological variations or nonsteady-state processes, 

inaccuracies in body weight (i.e., presence of fat), image noise, and scanner 

cross-calibration.

3.3.2  Target to Reference Tissue Ratios

The ratio of target-to-reference tissue regions improves the robustness of the quan-

data do not need to be corrected for physical decay of the labeled radioisotope. The 

target tissue contains the molecular target, whether a transporter process, receptor 

site, or other cellular process. The reference tissue is a region that does not include 

the molecular target or has a negligible concentration. For example, the target tissue 

may be a region in the brain that expresses a receptor that exhibits specific binding 
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challenges are present with this method, as a tissue or region exhibiting negligible 

-

ate time point.

3.3.3  Kinetic Analysis

Quantitative image data from PET allows relationships to be inferred that relate the 

kinetics and distribution of a radiotracer to one or more physiological processes in 

the body. This usually requires dynamic imaging (acquiring multiple images of the 

radiotracer distribution over time) to observe the movement of radiotracer from 

region to region or its change within a region over time. Physiological information 

regarding processes responsible for the radiotracer’s dynamic distribution can then 

be estimated with the help of a mathematical model. This concept has been used to 

determine a number of physiologically meaningful parameters such as blood flow, 

cellular metabolism, and receptor density. The mathematical model may be carried 

out using several approaches such as compartment modeling, graphical transforma-

tion, and evaluating the system at equilibrium.

The process of collecting dynamic PET data starts at the time of injection and 

extends for a duration long enough to capture the biochemical process of interest. 

The interval of successive images, or frames, should be on the order of the tem-

poral changes of the radiotracer distribution. At the time of injection, the radio-

tracer enters the bloodstream through a peripheral vein and is quickly pumped 

though the pulmonary vasculature and the rest of the body. Early images of the 

radiotracer contain information primarily influenced by blood flow and intersti-

tial tissue exchange and must be collected rapidly because the distribution 

changes quickly. Each successive pass of the radiotracer through the system is 

characterized by radiotracer leaving the blood and concentrating in the peripheral 

tissue for one reason or another. Over time the accumulated radioactivity is sensi-

tive to differences in cell physiology. Therefore, a dynamic PET acquisition 

begins with short time frames to capture blood flow-dependent changes followed 

by gradually lengthening time frames to capture slower processes occurring 

within the tissues.

-

ues to change. However, the total imaging time is limited by physical, physiologi-

cal, and practical considerations. First, the physical half-life of the labeling isotope 

limits the useful imaging time to approximately 3–4 half-lives. After more than 

about 4 half-lives, the reduced number of collected counts increases image noise, 

decreases image contrast, and leads to a less accurate estimate of the amount of 

radiotracer in tissue. Physiological factors such as organs that metabolize, concen-

trate, and excrete the radiotracer can confound image interpretation in areas sur-

rounding those tissues. Lastly, practical limitations such as use of scanner time and 

patient or subject comfort will impose limits on the duration of an imaging study. 
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Considering these limitations, it is reasonable to assume that no matter the bio-

positioning and transmission scanning) is available to collect information.

3.3.3.1  Compartment Modeling to Described PET Data

The reconstructed radioactivity concentration contained within a region or voxel in 

the PET image arrives from a combination of multiple signals including that from 

arterial blood and tissue. The influence of one signal versus the other depends on a 

variety of physiological mechanisms including transport from the plasma to the 

interstitial tissues and changes in the molecular state such as metabolism or binding 

to receptors. Each of these physiological spaces or states is assigned to a compart-

ment. Each of these compartments varies over time in the region or voxel and can 

be described by a series of coupled first-order differential equations. The coeffi-

cients, representing the rate of radiotracer exchange between compartments, are 

assumed to be invariant over the duration of the study. The rate of exchange of 

radiotracer between compartments could be very interesting physiologically. For 

example, it could represent a metabolic rate, the rate that the radiotracer binds to a 

specific site which in turn is proportional to the number of binding sites, or the rate 

at which a radiotracer crosses a capillary membrane, which is in turn proportional 

to the amount of blood flowing into that capillary or tissue. The goal of modeling is 

to choose an appropriate number of compartments and their associated rate con-

stants to permit the elucidation of pharmacokinetic parameter values that are of 

physiological importance.

The sophistication of the compartment model in PET imaging is limited due 

largest confounding factor and is influenced by a large number of variables in the 

processing of PET data, including camera sensitivity, radiotracer uptake, scan 

duration, reconstruction parameters and image corrections, and the size of the 

region of interest. One, two, or three compartments are generally sufficient to 

describe PET data. A series of compartments might consist of (1) free radiotracer 

intracellular space. The free radiotracer in plasma is generally considered the 

). The 

compartments representing the extracellular and intracellular space are com-

termed a two-tissue compartment model where the plasma compartment is 

inferred. The exact physiological meaning of the rate constants assigned to the 

compartments will depend on the modeling assumptions and compartment defi-

nitions. For example, a two-tissue compartment model linked by four rate con-

stants is typically sufficient describing a radiotracer that binds to a receptor site 

in the brain (Fig. ).

Often the number of compartments corresponds to the number of physical 

spaces within the tissue but may also represent a state. These physiological 
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Fig. 3.2
postsynaptic neuron (b) A two-tissue compartment model depicting the process in (a). The com-

partments consist of (1) radiotracer in the plasma supplying the tissue, CP

the extracellular space, or bound to a nonspecific site, C
receptor, CB. The rates of exchange between compartments are denoted by the arrows and their 

associated constants (K1, k , k3, k4). The compartment model is considered reversible because the 

radiotracer is free to leave the bound state and reenter the extracellular space
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 differences, and others like them, must be considered in the compartment model 

because they affect how the rate constants are interpreted. The physical scale of 

the situation depicted in Fig. 3.1 μm. A PET scanner, with 

resolution on the order of mm, cannot distinguish between a radiotracer in the 

total of the radioactivity in all compartments. The contribution of modeling is to 

infer how the radiotracer is being transported between the compartments by 

using mathematical modeling as a basis for understanding the dynamic data mea-

sured by the scanner.

The constants describing the rates of exchange between compartments are 

obtained by solving a coupled series of differential equations (Eqs. 3.1 and ). The 

measured PET signal is the weighted sum of the blood (CP), extracellular (C ), 

and bound compartments (CB) (Eq. 3.3). The weighting factors (VP, VF, VB) are the 

fraction of an image pixel that each of the compartments occupies. There are more 

-

determined, and there is not be a single unique set of rate constants that describe the 

-

taneously using iterative methods, and the solution is restricted to physiologically 

relevant values. Equations for the model depicted in Fig. 3.1 are:
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length of time, and the radioactivity concentration in the plasma is held constant, 

the concentrations in the extracellular and intracellular spaces eventually reach 

equilibrium. At this point the individual compartment concentrations do not 

change, and the left side of Eqs. 3.1 and  are zero. At equilibrium, it is very 

difficult to accurately separate the individual influx and efflux rate constants for 

each compartment because of the underdetermined nature of the problem. 

However, the ratio of rate constants is considered unique and useful for repre-

senting the ratio of concentrations of radiotracer in two compartments. The equi-

librium ratio is termed a volume of distribution and can be calculated as an 

appropriate combination of rate constants. By convention, the total volume of 

distribution, VT, is the ratio of the radioactivity concentrations in the tissue to that 

in plasma. For the two-tissue compartment model in Fig. , VT is the summa-

tion of the distribution volumes in the free compartment and cellular compart-

ments (since VF and VB are equal in this case). The distribution volume in the free 

compartment is also referred to as the non-displaceable  distribution volume, 
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V  = CF/CP. The relationship to the rate constants can be derived from Eqs. 3.1 

and  and the equilibrium condition as:
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where the last approximate equality arises from Eq. 3.4, assuming VP is small and 

VF = VB. The analysis techniques below can be used to quantitatively determine com-

binations of rate constants even if the system under investigation is not in equilib-

that is directly related to the physiology being studied.

compartments. The first corresponds to the radiotracer residing in extracellular 

space and the second corresponds to the radiotracer bound to the receptor target. 

The latter tissue compartment is not defined in space but a change in state of the 

radiotracer from “free” to “bound.” The rate constants describing the movement 

of the radiotracer in the receptor model are as follows: K1 [mL/g/min] and k  [1/

min] represent the unidirectional fractional rate constants, corresponding to the 

influx and efflux of radioligand diffusion across the blood brain barrier, respec-

tively. k  is the rate that tracer leaves the extracellular compartment for the 

plasma, k3 = konBavail since this is a tracer experiment, and k4 = koff, the off rate 

from the transporter [ ]. The kinetic parameter of interest is the number of 

available receptors for binding (Bavail) in a brain region compared to that in the 

free space,
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where K  is the disassociation constant. This term is commonly referred to as bind-

ing potential (BP).

For a radiotracer that is trapped in a cellular process, whether by incorporation 

into another molecule, the model has at least one compartment that is irreversible 

(Fig. 3.3 -

relevant and related to the rate that the radiotracer enters the irreversible compart-

ment. The flux into the extracellular space is the product of the blood flow and 

extraction fraction (the probability that a radiotracer molecule will cross the cap-

illary membrane during a single pass through the capillary). The flow and extrac-

tion fraction product is the unidirectional rate constant K1 in the compartment 

gives an estimate of the rate of transfer of radiotracer into tissue. Let K1 represent 

the rate of glucose delivery to the free space. Then the net rate of glucose delivery 

across the cell membrane can be determined by multiplying K1 by the fraction of 
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radiotracer that leaves the free space and enters the cell. This quantity represents 

the net influx of a radiotracer into the cell.

 

K K
k

k kinflux = +1
3

2 3  

This is represented in Fig. 3.3.

3.3.3.2  Input Function

The concentration of the radiotracers in tissue depends on the time varying concen-

tration of the radiotracers in arterial blood. The input function can be determined by 

measuring arterial blood samples. Following a bolus injection, blood samples are 

initially drawn at a high frequency and as the dose distributes throughout the body, 

blood samples are collected less frequently. The blood is then centrifuged to sepa-

rate blood cells and proteins from the plasma. Only radioactivity contained in the 

plasma fraction is measured because it represents the amount of radiotracer that is 

free to cross the capillary boundary and enter the tissue.

Another technique to derive a suitable input function is to measure it directly 

proportion of labeled metabolites in blood are known or they are rapidly and effi-

ciently excreted from the bloodstream, this approach may permit comparisons 

between kinetic parameter estimates and actual arterial samples [3, 4].

A third technique to estimate an input function is the reference region approach 

which is widely used in receptor imaging [5]. A reference region is defined as a 

 tissue region that is identical in all aspects to the region of interest except there are 

negligible specific binding sites. This technique provides several advantages 

K1

k2

k3

Capillary Boundary

Cell Membrane

Plasma
(CP)

(CF+NS)
Inside Cell

(CB)

Fig. 3.3 A two-tissue compartment model representing the trapping of a radiotracer in a cell
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 compared to arterial sampling including reduction in discomfort to the patient, need 

for fewer personnel, and reduced errors in the compartment model parameter esti-

mates because the reference region and region of interest are derived from the same 

image data. The reference procedure introduces a second compartment model that 

describes the delivery of radioligand to the interstitial space of the reference region. 

This in turn permits construction of a mathematical model that describes the plasma 

input in terms of the reference region and the estimation of kinetic parameters.

3.3.3.3  Modeling Assumptions

There are a number of implicit assumptions made when using compartment models 

to describe the kinetics of a radiotracer in a complex biological system. The first and 

most important assumption is that the mass of injected radiotracer (labeled and 

unlabeled) is a trace amount. That is, its concentration is negligible to the extent that 

is does not alter in any way the process that it is intended to mimic. This is equiva-

lent to saying that so little compound is administered that it does not produce even 

the slightest pharmacological effect. This assumption is met when the specific activ-

must be at steady state throughout the duration of the experiment. This condition is 

met if there are no changes in external factors such as administration of compounds 

that alter the physiological state or compete with the radiotracer for binding in the 

tissue. Thirdly, the mixing of the radiotracer with other molecules in the compart-

ment must occur at a substantially faster rate than its exchange between compart-

ments. Often this assumption is referred to as instantaneous mixing. Lastly, the 

labeled isotope does not change the behavior of the radiotracer in relation to the 

stable label. For example, [C-11]raclopride is expected to behave exactly as raclo-

pride containing stable carbon. This is termed the isotope effect.

3.3.4  Graphical Transformation

A common approach to estimating kinetic parameters that is often performed in 

parallel with compartmental modeling is graphical analyses because it is simple and 

does not require complete knowledge of the underlying physiology of the system. 

Current graphical methods only require knowledge that the radiotracer is either 

freely reversible in all compartments or irreversibly trapped by at least one compart-

time and measured radioactivity so that, when plotted, the graph approaches a 

straight line at later time points.

The Patlak plot is a graphical method that has been used in analyzing [F-18]

 

[ , 
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two-tissue compartment model (Fig. 3.3). The approach works, because after the 

reversible compartments reach quasi-equilibrium, the change in radioactivity levels 

in tissue is due solely to trapping in the irreversible compartment. The data trans-

formation described by Patlak is such that when equilibrium in the reversible and 

plasma compartments is achieved, the plot approaches a straight line and the slope 

of the line is the influx constant, Kinflux. A second graphical approach is applicable 

when all compartments are reversible and is referred to as Logan analysis [8, 9]. 

binding studies. Following the graphical transformation, the slope of the linear 

region is the distribution volume. Both the Patlak and Logan graphical transforma-

tion methods can be used with a reference tissue input if arterial blood is not 

measured.

3.4  Application of PET in Pharmacology

The PET tracer technique permits the characterization of in vivo drug interactions 

with specific protein targets while not perturbing the physiological system. Choosing 

an appropriate radiotracer, of high affinity for a target of interest, can provide 

these insights include drug interactions with neurotransmitter receptors and trans-

porters, changes in cerebral blood flow, and alterations of cerebral metabolism. A 

straightforward application of PET is characterization of the radiotracer uptake 

uptake, and the washout phase. This simplistic analysis has lead to several notable 

contributions including radiolabeling of cocaine and methylphenidate with car-

bon-11 to examine their in vivo kinetics in humans [ , 11]. These psychostimu-

lants have roughly equal affinity for all three monoamine transporter systems 

-

ably. The washout phase of methylphenidate is substantially slower than cocaine, 

and this observation is thought to contribute to differences in abuse potential 

has led to a number of insights into how behavioral outcomes relate to drug kinetic 

profiles and their interactions and continues to be a powerful technique with PET 

[ , 13].

Compartment modeling analysis can lead to a deeper understanding of underly-

ing physiological processes in vivo by estimating rate constants that govern radio-

tracer uptake. One aspect is calculation of binding potential, which is related to the 

total number of available binding sites and plays an essential role examining the 

acute and chronic integrity of protein targets [ ]. Furthermore, binding potential 

may be calculated in the presence of competitive drug binding to determine occu-

pancy at the target site [14]. Occupancy experiments are generally conducted in two 

steps, an initial study in the presence of no drugs to measure the baseline density 

followed by exposure to the drug then immediately repeating the study to measure 
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the density with drug on board. The ratio of the measured binding potential between 

these two states can be used to calculate the occupancy of drug in the target tissue,
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Calculation of occupancy has been crucial in determining the relationship between 

drug concentration in vivo and pharmacological onset. For many psychostimulants, 

11, 15, ]. These experiments can 

be conducted in a single session starting with an initial baseline phase followed by 

a drug chase that displaces the baseline signal [ , 18].

release of endogenous neurotransmitters that compete with the radiotracer for bind-

release of dopamine after administration of amphetamine or similar analogues. This 

experiment is different than drug occupancy described above because the displace-

ment action is due to competitive interactions with an endogenous molecule rather 

than an exogenously administered drug. Again, the binding potential can be calcu-

lated using compartmental modeling concepts and the difference between the base-

line and drug induction are typically compared.

Lastly, assessments in changes of cerebral metabolism are useful for monitoring 

changes in brain activity under various drug actions. The actual calculation of 

regional cerebral glucose metabolism is complicated by the need for arterial blood 

the complete glucose metabolic pathway, and a conversion factor is needed to relate 

parametric mapping [19]. Hyper- and hypometabolic changes can be determined in 

these studies compared to a baseline or normal control population [ ]. These tech-

niques have been used extensively in studies of acute and chronic drug interactions 

[ , – ].

PET offers a great value in translational sciences from simple experiments to 

measure brain penetrability of radiolabeled drugs and their biodistribution to more 

sophisticated studies including calculation of occupancy using radiotracer displace-

ment protocols.

3.5  Challenges to Using PET

The uptake and distribution of radiolabled molecules will depend, in part, on the 

laboratory conditions during the study including the environment, normal physiol-

ogy, and use of anesthetics. These factors add variability to the outcome 
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measurement and anticipating such pitfalls can improve the quality of the data. 

Below is a brief discussion of some particular challenges.

the order of the resolution of the scanner (by as little as a few millimeters) degrades 

the achievable reconstructed resolution, reduces contrast, and may lead to the erro-

-

tions may be in excess of 1 h, and invariably a subject will shift a small amount to 

ease discomfort over this duration. A motion event may be voluntary or involuntary. 

For example, motion such as moving an arm to tend to an itch or respiratory motion 

during normal breathing. Additional movement may result from the subject’s physi-

correct for motion events as best as possible by either closely monitoring the subject 

motion within an emission frame. The former is relatively easy to address using 

software to align the transmission data with the emission data and re-reconstruct the 

PET images. The latter presents more challenges and has been addressed by subdi-

viding the emission data into shorter frame durations, throwing out the time dura-

tion that included the motion or incorporating more sophisticated motion correction 

algorithms in the reconstruction. Head restraints help prevent a great deal of these 

troubles but not all.

imaging environment to sedate animals and maintain the quiescent state needed for 

PET imaging. There is ample evidence showing that anesthesia alters the physiologi-

cal state of an animal including blood flow, metabolism, and neurotransmitter expres-

sion in the brain [ – ]. A large number of commonly used anesthetics including 

-

ations secondary to anesthetics generally entails careful monitoring and simplifying 

laboratory procedures so they can be easily replicated.

A well-controlled environment including warming devices and monitoring 

equipment is crucial to a successful study. Control of these conditions is most 

important in animal imaging, where the mouse, rat, or nonhuman primate is sedated 

during the study. A reduction in an animal’s core body temperature results in con-

striction of blood vessels and redistribution of blood to conserve vital functions. 

These changes will alter the uptake of radiotracers, generally reducing the 

contrast.

3.6  Dosimetry

whole body (i.e., dose) resulting from the internal administration of radionuclides. 

This information is important in assessing deterministic (e.g., cataract, 
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radiotoxicity) and stochastic (cancer induction) effects from radiation exposure. 

therefore, estimating internal dose from radiopharmaceutical injections may be 

warranted. The purpose of this section is to provide an overview of how absorbed 

dose is estimated for internally deposited radiolabeled molecules.

The absorbed dose is a function of the radiotracer’s kinetics, the number and 

energy of the emitted radiations, and the organ sizes and positions. The latter can be 

-

tracer kinetics for calculation of individual absorbed doses requires long scan times 

and is not feasible in a clinical setting. Thus, methodology has been developed to 

estimate dose based on anthropomorphic phantoms that is then extrapolated to pop-

results for some common radiotracers used in PET research.

3.6.1  Acquisition Protocols and Calculation of Time Activity 
Curves

radiotracer kinetics for absorbed dose calculations. Bed durations are typically short 

following administration of the radioactivity to measure the blood pool changes and 

then gradually increase to capture longer retention kinetics within organs. Fast excre-

tion kinetics may necessitate that scans begin at the mid-thigh rather than the head in 

order to capture the initial elimination of the tracer and its metabolites by the kidney 

before it is taken up into tissue. As with compartment modeling, the total scan duration 

estimated by extrapolation assuming only physical decay beyond the last measured 

data point or by using more sophisticated methods of curve fitting and compartment 

modeling.

3.6.2  Absorbed Dose

software which calculates the internally deposited dose from the number of decays 

that take place in each organ [

these excretory systems [ , ]. The software provides the absorbed dose and 

[

31
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with some additions such as an expansion of the radionuclide library, the ability to 

change organ masses to better match patient populations, and updates to absorbed 

fractions of marrow, bone, and skin.

-

-

chastic effects such as cancer caused by radiation-induced cell mutations. The 

effective dose is a sum of the individual organ contributions to the whole-body 

stochastic radiation burden, for which each organ is multiplied by a weighting fac-

tor proportional to an organ’s susceptibility to cancer induction [ ]. This effective 

dose is used in comparisons of radiation risk and for recording cumulated radiation 

dose. This organ is referred to as the critical organ. Often the limit for an individual 

number of injections for research subjects.

The whole-body effective dose per unit administered radioactivity for a variety 

life, but the reduction in dose from using short-lived isotopes is often offset by the 

need to inject more activity to provide suitable counting statistics in the image. The 

dose per administered activity is roughly greater by a factor of 3 for the 18F-labeled 

compounds.

3.7  Conclusions

The application of compartmental modeling in PET provides a simplified mathe-

matical interpretation of the time varying uptake of radiotracers that is used to 

extract physiological information. Prior to application of a model, it is important to 

understand both the biochemical behavior of the injected radiotracer and underlying 

physiology of the disease. This information is crucial for choosing an appropriate 

number of compartments and rate constants and in the interpretation of the esti-

mated parameters. A well-constructed model will give more insight into the physi-

ological mechanisms that characterize a disease and be more sensitive to changes in 

the disease state.
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Chapter 4
Population Pharmacokinetics

Ayyappa Chaturvedula

Abstract Population pharmacokinetics is the study of sources and correlates of 

variability in drug exposure and response. The study of population pharmacokinet-

ics represents an important aspect of drug development and plays a key role in find-

ing the right dose to inform product labeling decisions. Application of novel 

mathematical and statistical tools to the study of population pharmacokinetics has 

revolutionized the drug development process. Pharmacostatistical models com-

posed on pharmacokinetic, pharmacodynamic, disease progression, trial design 

aspects, and econometrics are widely used in decision-making at every stage of drug 

development. Nonlinear mixed-effects modeling methodology enables the analysis 

of sparsely collected pharmacokinetic and pharmacodynamic data from large-scale 

late-stage clinical trials to understand drug exposure–response relationships. 

Regulatory authorities such as the US FDA and EMEA have supported and worked 

with pharmaceutical industry to bring about a successful culture of change in drug 

development, which has evolved into a concept called model-based drug develop-

ment (MBDD). MBDD uses modeling and simulation to implement a “learn and 

confirm” paradigm. This chapter is intended to provide the reader with a basic 

understanding of the various methods involved in population pharmacokinetics with 

an emphasis on the current gold standard of nonlinear mixed-effects modeling 

methodology.
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Population pharmacokinetics is defined as the study of the variability in plasma 

drug concentrations between individuals when standard dosage regimens are admin-

istered [1]. Studying the sources and correlates of variability in plasma concentra-

tions provides clinicians with important information for designing appropriate 

dosing regimens. Important sources of interindividual variability in drug exposure 

may be due to various factors such as food, drug–drug interactions, pathophysiolog-

ical conditions, and patient demographics.

During the course of new drug development, it is imperative to understand the 

safety and efficacy of a new chemical entity by taking into account experimental 

results from preclinical and clinical studies. Clinical development of a drug includes 

phase I–IV studies in which a candidate compound progresses through studies in 

healthy volunteers to clinical trials in patient populations. These trials typically 

require collection of several plasma concentrations followed by pharmacokinetic 

data analysis (compartmental or non-compartmental methods) and statistical analy-

sis to test the study hypothesis. This method is known as standard, two-stage popu-

lation pharmacokinetic analysis. The methodology first requires the estimation of 

individual pharmacokinetic parameters and then calculation of the summaries that 

represent population parameters (mean and standard deviation); this is followed by 

hypothesis testing via statistical analysis. This classical clinical pharmacological 

approach is somewhat limited to the early phase clinical trials with healthy popula-

tions where extensive pharmacokinetic sampling is feasible. It is logistically impos-

sible to collect such data in large-scale clinical trials (phase III) where only sparse 

samples (1–2 samples per subject) are collected at intermittent clinical visits. Data 

collected in this manner is not amenable to traditional pharmacokinetic analysis; 

nonetheless, these trials contain plasma concentration data from the relevant patient 

population in which the drug will ultimately be used.

Lack of pharmacokinetic methodology to analyze sparse data limits the utility of 

routine therapeutic drug monitoring from actual patient populations. Other 

approaches such as naïve pooling and naïve averaging of the data have been pro-

posed to handle sparse sample data but were shown to result in large biases in 

parameter estimates or to lack the inference on variability [2].

The pioneering work by Drs. Sheiner and Beal on nonlinear mixed-effects mod-

eling (NLME) approaches set the stage for sparse sample pharmacokinetic data 

analysis. The NLME approach is a parametric model-based approach to study popu-

lation pharmacokinetics. The NLME approach provides unbiased mean pharmaco-

kinetic parameters as well as the estimate of variability by partitioning total 

variability in parameters into between-subject variability and residual variability 

[3]. The software developed to implement this analytical approach was named after 

the analytical method (nonlinear mixed-effects modeling (NONMEMTM)) by the 

University of Southern California and is currently licensed and managed by Icon 

Development Solutions (Baltimore, MD). Currently, NONMEMTM is considered 

the gold standard for population pharmacokinetic analysis; however, other software 

options that use different algorithms for parameter estimation are also available. 

These include Monolix (Lixoft, France), Phoenix (Certara, USA), ADAPT (BMSR, 

University of Southern California, USA), and Pmetrics (LAPK, University of 
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Southern California, USA). Of note, it is now common in the pharmacometrics 

community to use the term NONMEM to describe the software program as opposed 

to the NLME analytical approach. Also, for purposes of clarification, the terms 

“population pharmacokinetics” and “NLME approach” are used interchangeably.

The objective of the current chapter is to describe the basic principles of popula-

tion pharmacokinetic modeling. This will include basic terminology, statistical con-

cepts of error structures, mixed-effects modeling, and methodology used to build a 

population pharmacokinetic model. An in-depth mathematical discussion is beyond 

the scope of this text. For a more extensive discourse, the reader is referred to 

reviews by Ene et al., Bonate et al., and Giltinan et al., as well as the NONMEMTM 

user guide (Icon Development Solutions Inc., MD, USA) [2, 4, 5].

4.1  Basic Terminology and Concepts

The term “model” in this chapter refers to a mathematical model that describes the 

pharmacokinetics or pharmacodynamics of a drug. These mathematical models origi-

nate from various compartmental model assumptions and are generally in the form of 

differential equations that describe the temporal profile of plasma concentrations that 

result from a particular dosage regimen. For example, the pharmacokinetic profile of 

a drug that is administered as an IV bolus and follows first-order elimination from a 

one-compartment model can be described by the following mathematical equation:

 
C ej

t
=

-Dose

Vd

CL

Vd
*

 
(4.1)

where Cj represents the concentration at the jth time point and CL and Vd represent 

clearance and volume of distribution, respectively; t is the time elapsed between dose 

ingestion and plasma sample collections. The above model consists of dose as input, 

time as an independent variable, concentration as a dependent variable, and CL and 

Vd as pharmacokinetic parameters. When a clinical pharmacokinetic experiment is 

conducted, post-dose plasma samples are collected from an individual at various time 

points. These data (longitudinal) are then fit to a model such as that described by 

Eq. 4.1 to estimate individual pharmacokinetic parameters CL and Vd. The process 

of estimating the parameters by fitting a model to the data is called “modeling.” Once 

the appropriate pharmacokinetic model is fit to the data and pharmacokinetic param-

eters are estimated, Eq. 4.1 can be used to calculate the resulting plasma concentra-

tions from various inputs (i.e., dose and dosing frequency); this process is referred to 

as pharmacokinetic simulation. Modeling and simulation have become a vital com-

ponent of clinical pharmacology and drug development programs, as they provide 

the tools for building predictive pharmacostatistical models. These predictive models 

are based on prior preclinical and clinical information and assist investigators in plan-

ning future confirmatory (phase III) clinical trials with a greater probability of suc-

cess [6]. Pharmacometrics can be defined as the branch of science that is concerned 
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with the interplay between mathematical models of biology, pharmacology, disease, 

and physiology. Pharmacometric data are used to describe and quantify interactions 

between xenobiotics and patients, including both beneficial and adverse effects [7]. 

This ideology has given birth to a new approach to developing drugs called model-

based drug development (MBDD) [8]. MBDD involves the application of various 

mathematical and statistical modeling and simulation tools to assist in key drug 

development decisions, such as dosage selection and clinical trial design.

Pharmacokinetic modeling and simulation are both math and statistic intensive, 

and a basic appreciation of both is necessary. These topics are briefly addressed here 

but do not represent an exhaustive review of either subject. For more information, 

readers are referred to detailed texts on linear algebra, calculus, mathematical statis-

tics, and probability theory. Nevertheless, a brief refresher is provided in this section 

on the required terminology. Random variables are real-valued functions of a sam-

ple space with a probability distribution function. The value of the random variable 

is determined by the outcome of a particular experiment. Random variables can be 

discrete, such as categorical scoring for a pharmacodynamic effect or continuous 

such as plasma concentrations. Expectation of a random variable and a function of 

a random variable can be calculated from probability theory for both discrete and 

continuous random variables, representing a weighted average of the possible val-

ues that it can take [9]. Random variables can have several probability distributions 

such as Bernoulli, binomial, Poisson, geometric, hypergeometric, and negative 

hypergeometric for discrete variables and uniform, normal, exponential, gamma, 

chi-squared, and Cauchy for continuous variables. Central limit theorem provides 

the theoretical basis that many random phenomena obey – at least approximately – a 

normal probability distribution [9]. Normal distribution of a continuous random 

variable is applicable to many assumptions in population pharmacokinetic model-

ing. A univariate, normal-variable distribution can be characterized by the mean and 

variance of that distribution. Multivariate normal-variable distribution can be char-

acterized by a mean and a variance–covariance matrix [4, 9].

4.1.1  Methods for Studying Population Pharmacokinetics

Pharmacokinetic parameters in a population differ between individuals due to 

intrinsic and extrinsic factors. Intrinsic factors include age, weight, gender, genet-

ics, and metabolic status of individuals, and extrinsic factors include concomitant 

medications, comorbid conditions, and food. An individual pharmacokinetic model 

consists of individual pharmacokinetic parameters, while a population pharmacoki-

netic model consists of population pharmacokinetic parameters and variability 

parameters. Variability parameters of interest include between-subject variability, 

between-occasion variability, and residual variability arising from errors in analyti-

cal methods, sampling, dosing, etc. For this introductory text, we will not detail the 

intercession variability. Traditionally, various methods have been applied to the 

study of population pharmacokinetics. Although some methods are more common 
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than others, we will discuss a variety of such methods to provide a complete picture 

of their use in the study of population pharmacokinetics. When drug administration 

and sampling schedules are identical in all subjects in a study, one can take average 

plasma concentrations across the same time points and fit a model to the mean data. 

This approach is called naïve average data approach (NAD). It is not a reliable 

method for estimating population pharmacokinetic parameters because the averag-

ing may completely smooth the pharmacokinetic variability and completely change 

the temporal pharmacokinetic profile (bi-peak phenomenon in individual pharma-

cokinetic profile may not be shown in a population average profile). Moreover, this 

method does not provide any information on the between-subject variability. This 

approach is currently only being used for preclinical experiments because other 

sources of variability such as variability between animals or between occasions are 

less than those observed in a clinical setting [2].

In situations where the sampling schedules are different between individuals, a 

naïve pooled approach (NPA) can be used. Using this approach, plasma concentra-

tions from all subjects are pooled and fit to a model as if they originated from a 

single individual [10]. This approach can provide reliable population pharmacoki-

netic parameter data but as with NAD, it does not provide information on parameter 

variability. However, this approach has been shown to provide biased estimates 

when there is higher between-subject variability and heterogeneity in the sampling 

schedules. A standard two-stage (STS) approach involves the fitting of individual 

pharmacokinetic data and summarizing mean and variance data to determine popu-

lation parameters. This method is applicable in situations where extensive sampling 

is performed; however, simulation studies show that this method provides upward 

biases in the variability parameters [3, 11, 12].

An NLME approach has been proposed as the appropriate theoretical mathemati-

cal framework for analyzing longitudinal pharmacokinetic data from clinical pharma-

cology studies [5, 10]. The NLME takes a midway compared to STS, NPD, and NPA 

approaches to appropriately pool the samples from various individuals and fit a popu-

lation model with parameters of typical pharmacokinetic parameters and variability 

parameters. This approach can handle sparse samples in individuals (2–3 per subject) 

and nonuniform study designs and thus can be applied to data from late phase clinical 

trials and data from routine clinical practice. Some important features of NLME that 

differ from traditional methods discussed above include (1) collection of relevant 

pharmacokinetic information from a target population, (2) identification and mea-

surement of variability in drug exposure during development, and (3) determination 

of the sources and estimating the magnitude of unexplained variability in the patient 

population [13]. It is vital to prospectively plan a population pharmacokinetic study 

with regard to study design (sample size, covariate selection), methodology, and ana-

lytical plan. The US FDA recommends population pharmacokinetic study designs 

that include single-trough, multiple-trough, and full-population pharmacokinetic 

sampling designs. The single-trough design has limited utility in that it only allows 

for inferences on drug clearance – and only if the samples are collected around the 

time of the true trough concentration of the drug. This design will not be useful in 

estimating other pharmacokinetic parameters such as absorption rate constant. The 
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multiple-trough design consists of two or more blood samples obtained near the time 

of the trough concentration under steady-state conditions. The full- population phar-

macokinetic sampling design involves the collection of multiple post-dose samples 

(typically 1–6) at various times that may differ between individuals [13].

Pharmacokinetic variability was once considered a nuisance variable when it 

came to data analysis; however, it is now appreciated that the magnitude of random 

variability is important because drug safety and efficacy are inversely proportional 

to the unexplainable variability in a drug’s pharmacokinetic and pharmacodynamic 

profile. The model shown in Eq. 4.1 must take into account errors in individual 

observations. A correct representation of the model is as follows:
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t

j= +
-Dose

Vd

CL

Vd
*

e
 

(4.2)

where εj is the error associated with the plasma concentration at the jth time point; 

generally the errors are assumed to be independent and have a normal distribution 

with a mean of zero and some (unknown) variance (σ2). The same model in a popu-

lation context will have at least another level of variability in addition to the residual 

error as described above in Eq. 4.2. This additional level of variability is referred to 

as between-subject variability (BSV) which occurs at the pharmacokinetic param-

eter level. Interindividual differences in pharmacokinetic parameters must be 

accounted for in a population model. A typical population model for a group of 

subjects administered an IV bolus dose is written as follows:
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(4.3)

where Cij represents plasma concentration in the ith subject at the jth time point; 

Dosei and tij represent individual dose and time of sample collection, respectively; 

CLi and Vdi represent individual clearance and volume of distribution, respectively. 

In a population model, we will mathematically relate the individual pharmacoki-

netic parameters to the population parameters as shown in the equations below:

 
CL TVCLi e i= * h1

 
(4.4)

 
Vd TVVdi e i= * h2

 
(4.5)

where TVCL and TVVd are the typical values for population clearance and volume 

of distribution, respectively; ηi represents the difference between the population 

parameter and the individual parameter on a logarithmic scale. One can understand 

this by simply rearranging the variables in Eq. 4.4 or Eq. 4.5:

 
h1i i= ( ) - ( )LOG CL LOG TVCL

 
(4.6)
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The LOG in Eq. 4.6 is a natural logarithm, and hi  is the difference between an 

individual pharmacokinetic parameter and a typical population value. One can see 

from this equation that hi  can be either a positive or a negative value because a 

person can have a clearance value that is greater or less than the population average. 

The hi  is a vital concept to population modeling and mixed-effects concepts; it is 

discussed in greater detail below.

4.1.2  Fixed Effects, Random Effects, and Mixed Effects

Fixed effects are those variables whose levels represent an exhaustive set of all pos-

sible levels. Random effects are variables whose levels do not exhaust the set of 

possible levels, and each level is equally representative of the other levels [4]. Fixed 

effects are those that can be measured in an experiment; they include dosages and 

covariates such as age, gender, race, and creatinine clearance. Fixed effect parame-

ters relate these fixed effects to the population pharmacokinetic parameters in a 

quantitative manner. For example, if one wants to relate creatinine clearance mea-

sured in individuals to the population clearance of a drug given as an IV bolus, then 

the population model is written as below:
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CRCLi and θ in Eq. 4.7 represent the individual measured creatinine clearance and 

effect of creatinine clearance on the typical population estimate of clearance 

(TVCL), respectively. The individual creatinine clearance is normalized to a refer-

ence value of 120 mL/min in this case. The θ in Eq. 4.7 is a fixed effect parameter. 

The covariate submodel can be in the form of additive, proportional, exponential, or 

power models [14]. Typical values for pharmacokinetic parameters in the model are 

also considered a special case of fixed effects, because they do not vary between 

individuals. Random effect parameter quantifies the random unknown variability in 

the pharmacokinetic parameters and residual variability in the concentrations. 

Random effects in the population model include between-subject random effects, 

which are quantified by between-subject variability, and residual random effects, 

which are quantified by residual variability or intraindividual variability. Because 

plasma concentrations are a result of multivariate normal distributions of pharmaco-

kinetic parameters (i.e., multiple parameters in the model have different distribu-

tions), the parameters that quantify the random effects are represented in a 

variance–covariance matrix or covariance matrix. The hi  is assumed to be normally 
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distributed with a mean of zero and a variance of ωi
2. The population model in 

Eq. 4.3 will include the following covariance matrix to quantify random effects:
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where ω1
2 and ω2

2 represent the variances in η1i and η2i in the population, which rep-

resents between-subject variability in clearance and volume of distribution, respec-

tively. The ω2ω1 or ω1ω2 represent covariance between clearance and volume of 

distribution. Covariance matrices are generally represented as lower triangular matri-

ces because the upper triangular elements are the same as the lower triangular matrix 

elements. The individual parameter estimates in nonlinear mixed-effects modeling 

are estimated using Bayesian methodology, and they are generally referred to as 

empirical Bayes estimates (EBEs). The use of the phrase “empirical Bayes” empha-

sizes that the parameters for the prior distribution are estimated from the data and are 

used as if they were known to obtain the posterior distribution [15]. When there is less 

information in an individual, the model assumes the person to be a typical individual, 

and the individual parameters shrink toward population parameters. The opposite 

occurs when there is more information in an individual subject, which means more 

samples were collected for that person at informative time points. If the population 

model is adequate, the quality of the individual parameter estimates will depend 

heavily on the observed data. The variance of EBE distribution will shrink toward 

zero as the quantity of information at the individual level is reduced; this phenome-

non is defined as η-shrinkage. Similarly, in cases where data are less informative, the 

individual weighted residual (IWRES; discussed below) distribution shrinks toward 

zero, which is defined as ε-shrinkage and is sometimes called “overfitting” [15].

The residual error (i.e., the difference between model predicted and observed 

concentration) can have a structure. Most important error structures encountered in 

pharmacokinetic modeling include additive, proportional, and combination errors. 

Additive error has the following structure:

 
y iij ij ij= +pred e

 
(4.8)

where yij is the observed data in the ith individual at the jth time point; ipredij is the 

predicted concentration in the ith individual at the jth time point and εij is the ran-

dom effect with a mean of zero and a variance of σ2. Additive error is also called 

homoscedastic error; this error is not dependent on the magnitude of the prediction 

(higher or lower concentration). Proportional error, as the name indicates, is propor-

tional to the magnitude of the concentration in the following way:

 
y iij ij ij= +( )pred 1 e

 
(4.9)

This is also equivalent to y i iij ij ij ij= +pred pred *e .
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In this type of error, the higher the concentration, the greater the error, but the 

coefficient of variation (ratio of the standard deviation to the mean) is constant. 

Thus, it is also called a constant coefficient variation model. In this model there is 

an interaction between residual error (εij) and between-subject variability (η), due to 

the dependency of ipredij on the EBEs. A proper estimation algorithm method that 

accounts for η-ε interaction should be used to avoid biases in parameter estimation, 

which will be discussed below. A combination error model combines the additive 

and proportional error models and is also sometimes called a “slope and intercept” 

model as shown below:

 
y iij ij ij ij= +( ) +pred 1 1 2e e

 
(4.10)

where ε1ij and ε2ij represent proportional and additive error components, 

respectively.

A mathematical model containing both fixed and random effects is called a mixed-

effects model. Mixed-effects models can describe a linear or nonlinear relationship 

between an independent variable and a dependent variable. If the function describing 

this relationship is a linear model, then it is a linear mixed-effects model and is com-

monly used to assess bioequivalence data, QTc data, and dose-response relationships 

[16]. The functions that relate the plasma concentrations (dependent variables) to 

time (independent variables) are nonlinear as in Eq. 4.3, and nonlinear mixed-effects 

modeling (NONMEM) methodology is applied. As mixed-effects modeling includes 

random effect parameters, the optimization methods play an important role in esti-

mating the parameters of the model. Several basic estimation algorithms that are 

commonly used in NONMEM methodology will be discussed below.

4.2  Estimation Methods Used in NONMEM

Parameter estimation in mixed-effects models is complex; hence ordinary least 

square-based methods are not optimal when residual variance is dependent on the 

model parameters [4]. Although estimation methods discussed thus far have focused 

on those available in NONMEMTM, other software packages with slightly different 

(or the same) algorithms are also available. Most of the NLME methods use maxi-

mum likelihood approach for parameter estimation. Likelihood is a conditional 

probability of an event occurring, given that another event has occurred. The prob-

ability of the data to which the model is being fit is written as a function (likelihood 

function) of model parameters; the maximum likelihood estimates (MLEs) repre-

sent where this probability is maximum. Several mathematical approximations 

were developed to calculate likelihood function to linearize the random effects, due 

to the nonlinear dependence on the observations [2].

The first-order (FO) approximation was the first to be used and takes a first-order 

Taylor series expansion of the population model with respect to the random effects 
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around zero. Currently FO is not recommended due to the availability of better 

approximations such as first-order conditional estimation (FOCE) and first-order 

conditional estimation with interaction (FOCEI). FOCE takes a first-order Taylor 

series expansion around the conditional estimates of the interindividual random 

effect (ηi), instead of zero. The FOCEI method accounts for the interaction between 

the between-subject and within-subject variability components and should be used 

when heteroscedastic error models (e.g., proportional error) are used.

A number of newer NLME methods have been introduced based on expectation–

maximization principles such as stochastic approximation expectation maximiza-

tion (SAEM), Monte Carlo importance sampling (IMP, IMPMAP), and Markov 

chain Monte Carlo (MCMC) Bayesian methods in the newer versions of 

NONMEMTM. The EM-based methods are advantageous because they do not use 

linearized approximations (e.g., FO, FOCE) and therefore can theoretically induce 

less bias. MCMC Bayesian methods do not provide point estimates but provide a 

series of fixed effect parameters that are distributed according to their ability to fit 

the data. A comparison among FOCEI, ITS, IMP, IMPMAP, and Bayesian methods 

in a simulated, complex, target-mediated drug disposition model showed that newer 

methods performed similarly to FOCEI in parameter bias and standard error of the 

estimate (SE) [17]. It is important to realize that the calculated objective function 

value that represents the global fit statistic to the data cannot be compared between 

estimation algorithms, as the method of calculation varies significantly. For instance, 

the NONMEMTM software calculates the objective function in first-order 

 approximation estimation methods as equivalent to −2* log likelihood, which is 

approximately distributed to the chi-square (χ2) statistic with q degrees of freedom, 

where q is the number of parameters in the model. NONMEMTM objective function 

can be used for hypothesis testing for hierarchical models, such as covariate analy-

sis; this process is called log likelihood ratio testing. The objective function, calcu-

lated using the SAEM method in NONMEMTM, cannot be used for hypothesis 

testing; however, the parameters do represent maximum likelihood estimates. In the 

newer version of NONMEMTM software, multiple estimation methods can be used 

where SAEM is used for parameter estimation and important sampling-based meth-

ods (IMP, IMPMAP) for hypothesis testing and calculation of asymptotic standard 

error of parameters. Readers are referred to the NONMEMTM technical guide for 

mathematical derivations and further information on the differences in objective 

functions [18–20].

4.2.1  General Principles of Population Pharmacokinetic 
Model Development

Population pharmacokinetic models are hierarchical in nature in that they have a 

structural pharmacokinetic model, a covariate submodel, and a statistical model. 

The structural model consists of the compartmental model equation that describes 

the temporal profile of plasma concentrations. The statistical model includes 
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submodels that may incorporate between-subject variability or interindividual 

variability, residual variability or intraindividual variability, and between-occasion 

variability. The structural model is generally based on a prior understanding of a 

drug’s pharmacokinetics from preclinical studies or phase I studies where exten-

sive sampling was performed.

When only sparse data are available, the ability to identify a more complex compart-

mental model is compromised. For example, data from a drug that is optimally described 

by a two-compartment model may fit a one-compartment model better if plasma con-

centrations are missing during the drug’s distribution phase. Identifiability of a model 

and its parameters is an important consideration when framing a structural model. 

Structural identifiability is the ability to uniquely estimate a model’s parameters. 

Parameter identifiability is the ability to estimate a structurally identifiable model [4].

Let us consider a compartmental model that consists only of plasma concentra-

tion samples, yet we desire to estimate both renal and nonrenal clearance. It is 

impossible to separate these two parameters unless either the urine compartment or 

the nonrenal compartment (metabolite) is sampled. These identifiability issues arise 

quickly when the model gets complicated such as parent drug–metabolite models 

where both a parent drug and its metabolite are modeled in an integrated model such 

as in Fig. 4.2. In this model, it is not possible to estimate all three parameters: (1) 

metabolite formation rate, (2) volume of the metabolite compartment, and (3) 

metabolite elimination rate [21]. Generally, some assumptions involving the meta-

bolic fraction or volume of metabolite compartments are made so that only two of 

the three parameters are estimated. Statistical models consist of between-subject 

variability in pharmacokinetic parameters and residual variability that cannot be 

explained by the between-subject variability. An exponential error model is gener-

ally used for between-subject variability in pharmacokinetic parameters to represent 

the log-normal distribution because negative values for pharmacokinetic parameters 

are not meaningful. Residual error models were discussed in the previous section, 

namely, proportional, additive, and combination error models.

First, a base model that includes a structural model with random effect parame-

ters will be finalized. Generally, the base model will not contain any covariates. 

However, it is now common to include weight as a covariate for volume and clear-

ance parameters based on established allometric scaling methods [22, 23]. The base 

model provides individual pharmacokinetic parameters (EBEs), which are used to 

evaluate potential covariate relationships using plots of EBEs versus covariates such 

as age, weight, and gender. When a large number of covariates are present, several 

screening methods are proposed, which use generalized additive modeling and 

Wald’s approximation to the likelihood ratio test [24, 25]. It is important to have an 

extensive discussion between the clinical and pharmacometrics teams to determine 

which covariates should be included in the model; this should be determined by 

clinical relevance and final utility of the model. Covariate modeling represents the 

model-based hypothesis testing framework and actually represents the act of finding 

sources and correlates of variability as per the definition of population pharmacoki-

netics. Two important methods currently used in covariate modeling are stepwise 

addition and full model estimation [26–28].
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Stepwise covariate modeling includes a forward addition step where covariates are 

progressively added based on their statistical significance and a backward elimination 

step where each of the covariate parameters entered in the forward addition step are 

removed, and the statistical result is evaluated. As mentioned, the objective function 

that is used as global goodness of fit is a χ2 statistic. For hierarchical models, the drop 

in objective function value by 3.84 points with an addition of one new parameter addi-

tion compared to the base model (no covariates) is statistically  significant (α = 0.05). 

When a significant covariate is removed from the model, the objective function must 

increase by a similar magnitude. In stepwise addition, generally, a lower significance 

step is selected (α = 0.05 or lower) compared to backward elimination (α = 0.01 or 

higher); this is done to control for false positives. There is an automated computer pro-

gram that performs stepwise covariate modeling (SCM); it is available in PsN tools 

[29]. For nonhierarchical models, Akaike criterion can be used for model selection [30].

For full model evaluation, it is recommended to add clinically relevant covariates 

and to construct a full model without statistical significance and then reduce the 

model by backward elimination. In this approach clinical relevance and utility of the 

covariate in clinical practice are more important than statistical significance [27, 

31]. In cases where there is no covariate available but the base model shows clear 

multimodal distribution of EBEs, one can apply mixture models to assign an indi-

vidual to two or more models. Mixture modeling helps to explain such multimodal 

distributions, and also the probability of each mixture population is estimated as a 

parameter [32]. The objective function value (OFV) that is minimized in mixture 

model is the sum of the OFVs for each patient (OFVi), which in turn is the sum 

across the k subpopulations (OFVi, k). The individual probability of belonging to a 

subpopulation can be calculated using the OFV in that individual together with the 

total probability in the population [33]. An example of mixture model for risperi-

done is discussed in the subsequent sections.

4.2.2  Evaluation of a Population Model

Population pharmacokinetic model development involves fitting several (100 or 

more) models with varying structural, statistical, and covariate models to come up 

with a parsimonious model that has no redundant parameters and is also an irreduc-

ible model. Several model diagnostics are commonly used to make decisions at 

every stage of modeling. Commonly used diagnostics include likelihood-based 

objective function value modulation, basic goodness of fit plots, residual plots, stan-

dard error of estimates, and normalized predicted distribution errors (NPDE). The 

likelihood objective function value is a global objective measure of model fit and can 

be used to retain a parameter in the model using the LRT method for hierarchical 

models. It is important to recognize that the LRT method theoretically does not apply 

to parameters with boundary conditions such as between-subject variability param-

eters and absorption lag time. However, the LRT method is applicable for inclusion 

decisions for covariance parameters (covariance can be a positive or negative value). 
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Diagnostic plots are generally created using XPOSE library in R software, which is 

created specifically for evaluating population pharmacokinetic models [34, 35]. 

These plots will enable the modeler to visually inspect whether the model-predicted 

concentrations match the observed data and to also check model assumptions such 

as normality of random effects, statistical outliers, and covariate relationships.

Population modeling results in individual predictions (IPRED), population pre-

dictions (PRED), residuals (RES, IWRES, CWRES, WRES, etc.), and EBEs. These 

variables are used along with covariates and time after dose to prepare diagnostic 

plots or goodness of fit (GOF) plots. The most commonly reported plots for popula-

tion pharmacokinetic models and those recommended by regulatory guidance agen-

cies are discussed here. PREDs account for explainable between-subject variability 

by covariates, and IPREDs have additional between-subject variability [14]. A plot 

of observed data (DV) versus IPRED and PRED shows any structural model mis-

specifications or need of covariates to explain variability. A line of identity (solid 

line in Fig. 4.1 with a slope of one) and trend line (dark solid line in Fig. 4.1, prefer-

ably a regression line) are recommended for DV versus IPRED or PRED plots. Any 
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deviations between the line of identity and trend line represent potential model mis-

specification. The DV versus PRED plots are more sensitive to covariate effects and 

the modeler looks for perceivable differences and lack of correlations before and 

after inclusion of a particular covariate. The DV versus IPRED plots can look 

 artificially better in case of shrinkage (>30 %). Commonly calculated residuals in 

population modeling include individual weighted residuals (IWRES), weighted 

residuals (WRES), and conditional weighted residuals (CWRES).

Residual is defined as the difference between observed concentration and pre-

dicted concentration in an individual. WRES is calculated as the ratio of residual-

to- weight (generally variance) and is calculated based on FO approximation. WRES 

is not appropriate to use with FOCE or FOCEI approximations to the true model. 

CWRES is calculated based on FOCE approximation and have better qualities in 

identifying model misspecification [36]. The time after dose versus CWRES or 

IWERS plot with a horizontal line at 0 and a trend line is recommended for check-

ing the independence of the residuals with the independent variable, which is a 

fundamental assumption in regression analysis. The trend line (preferably a smooth 

line) should be horizontal and must not show any trends (Fig. 4.1, bottom panel). 

The same should be the case with PRED versus residual plots. It is also suggested 

that any individual observations with an absolute CWRES > 6 be identified as statis-

tical outliers, as the CWRES has a mean of zero and unit variance [31]. The SE is 

generated from the variance–covariance matrix during the minimization process; 

95 % confidence intervals of the parameters can be calculated as the parameter esti-

mate ± 2*SE. Generally, SE greater than or equal to 50 % represents a parameter 

with high imprecision [30]. The histograms and Q–Q (quantile–quantile) plots of 

EBEs are used to check the assumption of normality. If all points fall on the line of 

unity, then the normality assumption is satisfied (Fig. 4.2). NPDE is a simulation- 

based diagnostic that is used for model discrimination. By derivation, NPDE fol-

lows a standard normal distribution (normal distribution with mean of 0 and standard 

deviation of 1); any deviations from the model-predicted NPDE indicate a mis-

specification of the model [37]. Some other plots that are commonly used in popula-

tion pharmacokinetic model development include IPRED versus time after dose, 

parameter versus parameter correlations, and EBE versus EBE plots [38].

Once a final model is selected, several computing-intensive statistical methods 

are used for qualification and validation. These include visual predictive check 

(VPC), numerical predictive check (NPC), bootstrapping, cross-validation, and 

jack-knifing methods. VPC is a simulation-based diagnostic that takes into 

account all the model components (structural, fixed, and random effects) and is 

used to make model comparisons, suggest model improvements, and support 

appropriateness of a model. VPC is conducted by first simulating several datasets 

with the same design aspects as the clinical trial that generated the observed data 

used for model development. Then percentiles (5th, 50th, and 95th) of the all 

simulated concentrations (not to be confused with IPRED or PRED) and overlay-

ing in a plot with observed data percentiles for the same. The entire distribution 
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of the observed data should match the predicted data from the model [39]. When 

there are major differences in study design, such as different doses and sample 

collection times, it is recommended to use standardized VPC and prediction-cor-

rected VPC, which are preferred over traditional VPCs [40, 41]. Numerical pre-

dictive check is very similar to VPC except instead of a visual display of 

concentrations, a metric (i.e., AUC) is calculated from simulated datasets and 

compared to the observed data. Bootstrapping is a  resampling- based technique 

where original data are resampled to create several bootstrap samples; the final 

model is then fit to all the samples to calculate the nonparametric CIs of the 

parameters and distributions. These CIs are generally considered more reliable 

than the parametric SE-based CIs calculated from the variance–covariance matrix. 

Please refer to extensive descriptions on the cross-validation and jack- knifing 

techniques that can identify influential subjects and provide a more robust evalu-

ation of the predictive capabilities of a model [42, 44].
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4.2.3  Population Pharmacokinetic Modeling of Antipsychotics

In this section, several examples of population pharmacokinetic modeling applied 

to antipsychotic drugs are reviewed. Feng et al. reported an integrated population 

pharmacokinetic model for risperidone after oral administration from highly sparse 

sampling measurements from the CATIE study [43]. Risperidone is an atypical anti-

psychotic with selected antagonistic properties at serotonin 5-HT2 and dopamine 

D2 receptors [44]. The structural model was a one-compartment model with first- 

order absorption for risperidone that was linked to the active metabolite (9-hydroxy 

risperidone) compartment by formation clearance. The fraction of parent drug con-

verted to metabolite was estimated as a function of parent clearance. Due to identifi-

ability issues, it was assumed that the volume of the metabolite compartment was 

the same as that of the parent compartment. In this study, a total of 1236 plasma 

risperidone and 9-hydroxy risperidone concentrations were collected in 490 sub-

jects. A clear multimodal distribution in individual risperidone clearance parame-

ters was observed in the base model; this was likely due to the fact that risperidone 

is metabolized by the polymorphic cytochrome P 450 (CYP) 2D6 enzyme [45]. 

Therefore, a mixture modeling approach in the clearance parameter was utilized to 

capture the CYP2D6 polymorphism and explain the multimodal distribution in ris-

peridone clearance. The mixture model was able to capture the CYP2D6 poor 

metabolizers (PM), intermediate metabolizers (IM), and extensive metabolizers 

(EM) successfully. The probability of being a PM, IM, or EM was estimated at 

41 %, 52 %, and 7 %, respectively. The final model identified age as a significant 

covariate affecting 9-hydroxyrisperidone clearance.

Data from the above investigation suggest that older individuals may experience 

higher exposure to the active 9-hydroxy metabolite, thereby placing them at risk for 

toxicity. Combination error models with additive and proportional components 

were separately estimated for risperidone and its 9-hydroxy metabolite. Sherwin 

et al. applied the above model to data from 28 children and adolescents and success-

fully described the data, thereby suggesting that this model may be potentially use-

ful for individualizing risperidone therapy in this population [46].

Thyssen et al. studied the population pharmacokinetics of oral risperidone in 

children, adolescents, and adults [47]. The modeling was conducted using a pooled 

dataset of 304 pediatric and 476 adult subject plasma concentration samples. 

Different models were developed for risperidone and active antipsychotic fraction 

(calculated as risperidone plus 9-hydroxyrisperidone concentrations at each sample 

collection time point). The structural model consisted of two compartments with 

first-order absorption, with body weight added as a covariate on clearance, and 

 volume parameters based on allometric principles. Testing for statistical signifi-

cance by LRT was not performed. In contrast to the study conducted by Feng et al. 

[43] mixture modeling was employed to describe the oral bioavailability of risperi-

done. Data from two subpopulations, representing PMs and EMs were modeled. 

Age and creatinine clearance were identified as significant covariates affecting the 

A. Chaturvedula



87

 risperidone clearance. The probability of being an EM or a PM was estimated at 

19 % and 81 %, respectively. Simulations from the model showed that risperidone 

and the active antipsychotic fraction were similar in children, adolescents, and 

adults.

Like risperidone, clozapine is another atypical antipsychotic; it is used in the 

treatment of refractory schizophrenia. After oral administration, clozapine is exten-

sively metabolized by CYP1A2 to form the pharmacologically active metabolite, 

norclozapine. Ismail et al. characterized the population pharmacokinetics of clozap-

ine and norclozapine in an integrated model [48]. Data from this investigation were 

collected retrospectively and fit to a final model that included one compartment for 

the parent compound and one compartment for the metabolite. The volume for the 

metabolite compartment was fixed to twice the amount of the parent compartment 

to avoid the identifiability issue. The fraction of conversion of clozapine to norclo-

zapine was estimated separately for tablet and suspension formulations and found to 

be 0.015 and 0.4, respectively. Age and gender were significant covariates affecting 

the clearance of norclozapine. Different absorption rate constants were estimated 

for different formulations, with tablet and suspension formulations displaying a 

more rapid absorption compared to tablet formulations [48].

4.3  Summary and Conclusion

Population pharmacokinetic modeling provides valuable tools for studying the phar-

macokinetics of drugs in a real world patient population. Model development is typi-

cally performed in a stepwise manner in which a hierarchical model is built that 

contains both structural and statistical components. Population pharmacokinetic mod-

eling involves an understanding and mastery of several key disciplines, including 

math, statistics, pharmacology, and pharmacokinetics. Expertise in all of these disci-

plines must be carefully applied to concentration versus time data to synthesize appro-

priate population pharmacokinetic models that can be used to optimize drug therapy.
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    Chapter 5   
 Drug Transporters                     

       Scott     R.     Penzak     

    Abstract     Membrane transporters are present in a variety of anatomical locations 
and organ systems throughout the body. Transporters control the absorption, distri-
bution, intracellular penetration, and excretion of numerous drugs. ATP-binding 
cassette (ABC) and solute carrier (SLC) superfamilies comprise the majority of 
clinically relevant transport proteins. In intestinal and liver epithelia, transport pro-
teins control the access of certain medications to systemic circulation. In the kidney, 
transporters may facilitate or impair drug excretion depending on their specifi c 
location and function. However, it is at the blood-brain barrier (BBB) where mem-
brane transporters regulate access of endogenous and exogenous compounds to the 
central nervous system (CNS). This chapter will review the common drug transport 
proteins in the intestine and liver as they impact the systemic exposure of drugs that 
exert their primary pharmacologic effects in the CNS; drug transporters in the kid-
ney that may infl uence the excretion of such agents will also be addressed. The 
primary focus of this chapter will be drug transport of centrally acting agents at the 
BBB, primarily via the effl ux transporter and  ABCB1  gene product, P-glycoprotein 
(P-gp). Additional transport proteins will be considered for their documented or 
putative involvement in drug interactions involving centrally acting medications. 
Lastly, approaches to circumvent the infl uence of drug effl ux at the BBB will be 
considered, including modulation of centrally located membrane transporters. 
Approaches to developing drugs that bypass the effects of effl ux transporters at the 
BBB will also be discussed.  
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   Membrane transporters are present in a variety of anatomical locations and organ 
systems throughout the body. In their various roles, these transporters control the 
absorption, distribution, intracellular penetration, access to organs, and excretion of 
many drugs. Currently, more than 400 transport proteins have been identifi ed, which 
primarily include transporters from the ATP-binding cassette (ABC) and solute car-
rier (SLC) superfamilies [ 1 ]. In intestinal and liver epithelia, transport proteins can 
control the access of medications to systemic circulation [ 2 ]. In the kidney, transport-
ers may facilitate or impair drug excretion depending on their specifi c location and 
function [ 3 ]. However, it is at the blood-brain barrier (BBB) where membrane trans-
porters regulate access of numerous endogenous and exogenous compounds to the 
central nervous system (CNS) [ 4 ]. The blood-cerebrospinal fl uid (CSF) barrier also 
contains transport systems that can control permeability of the choroid plexus (CP) 
membrane to xenobiotics [ 5 ]. Accordingly, the ability of drug transporters to regu-
late access of medications to the CNS is particularly important for drugs that exert 
pharmacologic effects (effi cacy and/or toxicity) on receptor systems located in the 
brain. Indeed, a number of agents used for the treatment of schizophrenia, seizure 
disorders, depression, pain, and anxiety are substrates for transport proteins present 
at the BBB, particularly P-glycoprotein. P-glycoprotein (P-gp) is an effl ux trans-
porter and  ABCB1  gene product that has been studied more than any other trans-
porter [ 4 ,  6 ]. Pharmacologic modulation (inhibition or induction) of P-gp at the BBB 
has the potential to alter the distribution characteristics of substrate medications and 
either enhance or reduce their penetration into the CNS; this may result in clinically 
relevant drug-drug interactions. In addition,  ABCB1  genetic polymorphisms impact 
P-gp expression, which has the potential to infl uence drug entry into the CNS [ 7 ]. 

 This chapter will review the common drug transport proteins in the intestine and 
liver as they impact the systemic exposure of drugs that exert their primary pharma-
cologic effects in the CNS; drug transporters in the kidney that may infl uence the 
excretion of such agents will also be addressed. However, the primary focus of this 
chapter will be drug transport of centrally acting agents at the BBB, primarily via 
P-gp. Data from humans, animals, and in vitro cellular systems will be assessed 
with regard to specifi c transport mechanisms that infl uence drug access to the brain. 
Individual transport proteins will be considered for their documented or putative 
involvement in drug interactions involving centrally acting medications. Lastly, 
approaches to circumvent the infl uence of drug effl ux at the BBB will be consid-
ered, including modulation of centrally located membrane transporters. Approaches 
to developing drugs that bypass the effects of effl ux transporters at the BBB will 
also be discussed. 

5.1     Presystemic Drug Transport in the Gastrointestinal Tract  

 Orally administered medications that exert their pharmacologic effects in the central 
nervous system (CNS) must fi rst achieve adequate systemic concentrations prior 
to distribution across the BBB. This process involves absorption via the 
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gastrointestinal (GI) tract and passage through the liver. A number of variables can 
infl uence drug absorption, including GI pH, presystemic intestinal metabolism, gas-
tric emptying time, drug solubility and permeability, presence or absence of food, 
and drug transport processes [ 2 ,  8 ]. 

 A number of uptake and effl ux transporters have been identifi ed in human entero-
cytes [ 2 ]. Uptake transport proteins are located on the apical (luminal) or basolateral 
(abluminal; blood) cell membranes and facilitate xenobiotic uptake into entero-
cytes – a gradient-mediated process that largely tends to potentiate drug absorption 
[ 2 ]. The major uptake transporters include the two solute carrier superfamilies, SLC 
and SLCO (2). The SLCO family consists of the organic anion transporting poly-
peptides (OATP) such as OATP1A2, OATP2B1, OATP3A1, and OATP4A1. The 
SLC superfamily contains a large number of transporters including organic anion 
transporters (OAT), organic cation transporters (OCT), the electroneutral organic 
cation transporters (OCTN), the equilibrative nucleoside transporters (ENT), and 
others [ 2 ]. There is currently a paucity of information with regard to which psycho-
active agents, if any, are transported by these intestinal uptake proteins in the GI 
tract [ 2 ]. 

 Similar to uptake transporters, effl ux transport proteins are also located on the 
apical and basolateral membranes of enterocytes; however, unlike uptake transport-
ers, effl ux transport proteins, at the apical membrane, extrude drugs from entero-
cytes and pump them back into the intestinal lumen, thereby reducing their 
absorption [ 2 ]. Effl ux transporters expressed in intestinal tissue include members of 
the ATP-binding cassette superfamily, which includes P-glycoprotein (P-gp), multi-
drug resistance proteins 1–6 (MRP1-MRP6), and breast cancer-related protein 
(BCRP) [ 9 ,  10 ]. 

 Numerous preclinical studies using in vitro cellular systems and  mdr1  (ABCB1) 
knockout mice (mice lacking  mdr1 , which subsequently do not express P-gp) have 
documented the involvement of P-gp on drug absorption [ 11 ]. A general fi nding in 
these studies is that the absence or pharmacologic inhibition of intestinal P-gp 
results in reduced effl ux and increased absorption of P-gp substrates; this may result 
in increased toxicity or enhanced effi cacy of the substrate medication. A potentially 
clinically relevant example of such an interaction in humans is the 1.5-fold increase 
in the AUC of the antidepressant and P-gp substrate paroxetine ( P  < 0.5) that 
occurred when it was coadministered with the P-gp inhibitor itraconazole [ 12 ]. 
However, despite its role as an effl ux transporter in intestinal tissue, P-gp does not 
always signifi cantly limit the absorption of orally administered substrate medica-
tions [ 13 ,  14 ]. To clarify, just because a drug is a P-gp substrate does not automati-
cally imply that it will be poorly absorbed through the GI tract secondary to 
P-gp-mediated effl ux. Many drugs that are well-described P-gp substrates display 
reasonably good bioavailability; this is likely due to saturation of intestinal P-gp at 
clinically relevant doses of these agents (where GI drug concentrations are in the 
mg/mL range) [ 15 ]. Examples of centrally acting P-gp substrates that achieve ade-
quate oral availability include aripiprazole, risperidone, lamotrigine, and citalopram 
[ 16 – 19 ]. Typically, drugs that are most likely to experience reduced absorption sec-
ondary to P-gp-mediated effl ux include those that are poorly water soluble, dissolve 
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slowly, and are large in size [ 20 ]. Examples of centrally acting agents that meet 
these criteria are rare, with paliperidone being an exception [ 21 ]. Conversely, induc-
tion of intestinal P-gp would be expected to reduce the bioavailability of substrate 
medications, potentially compromising their pharmacologic activity in the CNS. It 
also bears mentioning that anatomical sites beyond the GI tract (brain, liver, and 
kidney) are likely to encounter lower plasma concentrations of orally administered 
P-gp substrates (i.e., ng/mL) that do not saturate this transporter and are amenable 
to P-gp-mediated effl ux and subsequent drug interactions [ 22 ]. 

 Intestinal P-gp can infl uence the absorption of substrate medications by effl uxing 
substrate medications into the intestinal lumen and reducing absorption; the co-role 
of intestinal CYP3A4-mediated metabolism must also be considered for drugs that 
are substrates for both of these intestinal proteins. In such cases, a drug is absorbed 
into the enterocyte and is then extruded back into the intestinal lumen prior to pre-
systemic metabolism by CYP3A4. After extrusion into the lumen, the drug is once 
again passively absorbed where it reencounters CYP3A4 [ 23 ]. Thus, intestinal 
CYP3A4 “sees” the drug multiple times; this increases intracellular contact time 
between the drug and CYP3A4 and augments the degree of intestinal metabolism 
that the drug undergoes [ 23 ]. Thus, P-gp (and presumably other intestinal effl ux 
proteins) works in concert with CYP3A4 to protect the body from potentially dan-
gerous foreign substances, which include medications. A number of centrally acting 
medications including diazepam, aprepitant, aripiprazole, buspirone, haloperidol, 
methadone, ondansetron, pimozide, risperidone, ziprasidone, and zolpidem are sub-
strates for P-gp and CYP3A4 (to varying degrees) [ 21 ,  24 – 32 ]. Since the majority 
of these agents are readily orally bioavailable (>60 % in most cases), it is unlikely 
that P-gp, under normal conditions, potentiates the presystemic metabolism of these 
agents by CYP3A4. Nonetheless, it is possible that induction of P-gp by agents such 
as St. John’s wort, rifampin, or other P-gp inducers may enhance the CYP3A4- 
mediated metabolism of these agents and lower their bioavailability upon oral 
administration. 

 Intestinal absorption may also be infl uenced by single nucleotide polymorphisms 
(SNPs) in the genes that encode for various transport proteins in the GI tract [ 33 ]. 
This is most notably appreciated among the  ABCB1  gene, which encodes for 
P-glycoprotein. The presence of T alleles at positions 3435, 2677, and 1236 has 
generally been associated with decreased expression and increased plasma concen-
trations of a number of substrate medications, although it bears mentioning that 
opposite results have also been reported in which C,G, and C alleles at these respec-
tive positions correlated with increased absorption of the P-gp substrate digoxin 
[ 34 – 36 ]. Lazarowski et al. reported persistently subtherapeutic plasma concentra-
tions of the P-gp substrate anticonvulsant medications, phenytoin and  phenobarbital, 
in a patient with refractory epilepsy who overexpressed  ABCB1  [ 37 ]. These data 
suggest that drug absorption was limited in this patient secondary to increased intes-
tinal P-gp-mediated effl ux, which resulted in inadequate drug exposure and uncon-
trolled epilepsy. In a separate report exemplifying the impact of intestinal P-gp 
expression on the absorption of psychoactive medications, a higher fl uvoxamine 
concentration/dose ratio was found among men with depression who possessed the 
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3435 TT versus the CC genotype ( P  = 0.026) [ 38 ]. A detailed discussion on the 
pharmacogenomics of  ABCB1  and other transporter genes potentially involved in 
drug absorption is beyond the scope of this chapter but can be found in several 
recent reviews [ 2 ,  7 ,  39 ,  40 ]. 

 In general, drug interactions arising from intestinal P-gp inhibition tend to be 
overstated. Drug interactions due to P-gp inhibition at the intestinal level are more 
likely to be clinically relevant for those centrally acting medications that are given 
as small oral doses or have slow dissolution and/or diffusion rates [ 41 ]. Conversely, 
drug interactions due to induction of intestinal P-gp are far more plausible, even if 
there aren’t readily available examples that involve psychoactive medications 
[ 42 – 44 ].  

5.2     Presystemic Drug Transport in the Liver 

 Similar to transport proteins in the intestine, transporters in the liver can affect 
the amount of an oral dose that ultimately reaches systemic circulation [ 2 ]. 
Uptake transport proteins in the liver are located on the basolateral (sinusoidal) 
membrane of hepatocytes and control substrate access to the liver [ 45 ]. These pro-
teins include OCT1, OAT2, OATP1B1, OATP1B3, OATP2B1, OATP1A2, and 
sodium-taurocholate cotransporting polypeptide (NTCP) [ 2 ]. Pharmacologic inhi-
bition of these transporters can lead to elevated plasma concentrations and possible 
toxicity of substrate medications. A notable example of this is the 2.1-fold elevation 
in rosuvastatin AUC that occurred with concurrent administration of lopinavir-rito-
navir [ 46 ]. The mechanism of this interaction was presumed to involve inhibition of 
hepatic uptake of rosuvastatin via OATP1B1 by lopinavir-ritonavir. Although an 
important uptake transporter in the liver, OATP1B1 has not been shown to transport 
centrally acting medications such as antidepressants, antipsychotics, anxiolytics, 
anticonvulsants, or centrally acting pain medications [ 45 ,  47 ]. 

 In contrast to uptake transporters in the liver, effl ux transporters extrude drugs 
from the hepatocyte either into the bile or back into the blood [ 1 ,  2 ,  45 ]. 
P-glycoprotein, MRP2, BCRP, bile salt export pump (BSEP), and multidrug and 
toxin extrusion protein 1 (MATE1) are located at the apical (canalicular) membrane 
of hepatocytes facing the bile duct lumen where they extrude drugs into the bile, 
thereby facilitating their removal from plasma [ 1 ,  2 ,  45 ]. Multidrug resistance pro-
tein 3, MRP4, and MRP6 are also effl ux transporters; however, they are located at 
the basolateral membrane of the hepatocyte where they pump drug back into the 
blood [ 1 ,  2 ,  45 ]. 

 Unlike the respective processes of effl ux and metabolism that occur in the intes-
tine, in the liver, drugs enter into the hepatocyte (via passive diffusion or active 
transport) and undergo intracellular traffi cking where they are exposed to phase I 
and phase II metabolic enzymes prior to encountering P-gp and other canalicular 
transport proteins [ 20 ,  41 ]. Therefore, only drugs that are not signifi cantly metabo-
lized in the liver yet undergo considerable biliary excretion via P-gp will be 
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 susceptible to drug interactions resulting from P-gp modulation; examples of such 
medications are relatively rare and include digoxin and fexofenadine [ 22 ]. Examples 
of psychoactive medications reported to potentiate digoxin toxicity, potentially due 
to P-gp inhibition, include fl uoxetine and tramadol [ 48 ,  49 ]. However, since these 
putative interactions are based on case reports and not formal pharmacokinetic 
investigations, it remains speculative whether observed changes in digoxin plasma 
concentrations were due to P-gp modulation, and if so, at what anatomical location 
the interaction occurred (i.e., intestine vs. liver vs. kidney). Although current infor-
mation suggests that drug transport processes in the liver do not signifi cantly con-
tribute to effi cacy, toxicity, or drug interactions with psychoactive medications, this 
may change as new information becomes available and new drugs are developed.  

5.3     Drug Transport in the Kidney 

 Secretory transport proteins located on basolateral and apical (luminal) membranes 
of the proximal tubule play a signifi cant role in the disposition of numerous medica-
tions [ 3 ]. Cationic drug secretion is largely mediated by organic cation transporter 2 
(OCT2), which is located on the basolateral membrane, and the multidrug and toxin 
extrusion proteins MATE1 and MATE2/2K, which are located on the apical mem-
brane. Conversely, weakly acidic drugs tend to be transported by OAT1 and OAT3 
on the basolateral membrane and MRP2 and MRP4 on the apical membrane. 
P-glycoprotein and BCRP, which transport a large number of structurally and chem-
ically unrelated compounds, are also located on the luminal membrane where they 
secrete drugs from the proximal tubular cell into the urine [ 50 ,  51 ]. Variability in the 
expression and activity of membrane transporters in the kidney can contribute to 
interpatient heterogeneity in drug exposure and response. Modulation of transport 
proteins in the kidney, where one medication alters the secretion or reabsorption of 
another, is a well-recognized mechanism by which drug-drug interactions can occur. 

 Despite the high level of drug transport that takes place in the kidney, psychoac-
tive agents do not appear to be appreciably affected by alterations in drug transport 
processes. This is likely because psychoactive medications have not been identifi ed 
as substrates for common renal tubular transporters such as OCT2, OAT1, MRP4, 
OAT3, BCRP, MATE1, and MATE2K [ 3 ,  52 ]. Nonetheless, a number of centrally 
acting agents have been shown to inhibit transporters involved in renal elimination. 
These include amantadine, amitriptyline, chlorpromazine, clonidine, cocaine, 
desipramine, diphenhydramine, and doxepin [ 3 ]. Similarly, fl urazepam, imipra-
mine, ketamine, and phencyclidine have been found to inhibit OCT2 [ 3 ]. Multidrug 
and toxin extrusion proteins MATE1 and MATE2K are also inhibited by several 
psychoactive agents including amantadine, chlorpheniramine, desipramine, and 
imipramine [ 3 ]. Clinically relevant transport-mediated drug interactions at the site 
of the kidney have not been routinely observed with these agents. 

 Although a number of psychoactive agents have been identifi ed as substrates for 
P-gp, renal P-gp does not appear to be a signifi cant source of pharmacokinetic 
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 variability or an important site for drug interactions involving these medications. 
This may be due to the fact that, as in the liver, renal P-gp does not “see” drugs, drug 
metabolites, or drug conjugates until intracellular traffi cking has occurred, at which 
point compounds are excreted into the urine by P-gp [ 20 ,  41 ]. Thus, medications 
that are secreted into the urine unchanged are most likely to be affected by P-gp 
modulation in the kidney. Since the majority of centrally acting agents are exten-
sively metabolized by phase I and II enzymatic systems, they do not fall into this 
category. This likely explains why P-gp modulation in the kidney does not appear to 
be a common mechanism by which drug interactions occur with psychoactive 
medications.  

5.4     Drug Transport in the Brain 

 Drug transport into and out of the brain is largely regulated by the BBB and blood- 
CSF barrier. The BBB serves as both a physical and metabolic interface between the 
microenvironment of the brain and systemic circulation [ 6 ,  53 ]. It consists of a sin-
gle layer of adjacent brain capillary endothelial cells that contain very tight junc-
tures (zonulae occludens) between them. This monolayer of endothelial cells 
contains a dearth of fenestrae and pinocytotic vesicles, which restricts brain uptake 
of endogenous and exogenous substances [ 6 ]. It was largely held that drug transport 
across the BBB was solely dependent on the physiochemical properties of the xeno-
biotic such as molecular weight, lipophilicity, and state of ionization [ 6 ]. It is now 
clear that ABC transport proteins, particular P-gp and to a lesser extent MRPs and 
BCRP, limit the brain uptake of a number of lipophilic drugs that would otherwise 
be expected to diffuse across the capillary endothelium and into the brain [ 6 ,  54 ]. 

 A number of membrane transporters have been identifi ed at both the apical 
(luminal) and basolateral (abluminal) cell membranes of the brain capillary endo-
thelium (Figs.  5.1 ,  5.2 , and  5.3 ) [ 4 ]. Only drug effl ux proteins that are located at the 
luminal (apical) cell membrane of the brain capillary endothelium are in the appro-
priate position to extrude drugs back into the blood and restrict drug uptake into the 
brain [ 4 ]. Apically located transporters include P-gp, MRP1, MRP2, MRP4, 
MRP5, and BCRP [ 6 ]. Additional transporters, including several MRPs, appear to 
be located at the basolateral membrane. The exact cellular location of MRPs in 
brain capillary endothelial cells is unclear, as is the specifi c role of basolaterally 
located transporters, although it has been suggested that transporters located at the 
basolateral membrane may function in concert with those located at the apical 
membrane [ 4 ].

     The epithelial blood-CSF barrier, located at the choroid plexuses and outer 
arachnoid membrane, also functions, along with the BBB to control brain entry of 
certain nutrients and xenobiotics [ 5 ]. The choroid plexus differs in that it contains 
fenestrated, readily permeable capillaries facing the blood side of cells (basal loca-
tion); these cells are enveloped by a monolayer of tightly conjoined epithelial cells, 
which face the CSF (apical location) [ 5 ]. 
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  Fig. 5.1    Transport proteins in intestinal epithelia, hepatocytes, and kidney proximal tubules. 
Transport proteins of potential clinical relevance to centrally acting medications are included in the 
organs presented. Only root names of the transport proteins are defi ned below; individual families, 
subfamilies, and isoforms are not addressed here but are listed in the fi gure. The reader is referred 
to Refs [ 1 – 3 ,  23 ,  45 ,  47 ] for detailed reviews of drug transport protein function, activity, and clini-
cal relevance in intestinal, hepatic, and kidney tissue.  OCT  organic cation transporter,  OSTα-OSTβ  
heteromeric organic solute,  MRP  multidrug resistance protein transporter,  OATP  organic anion 
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 Drug transporters that control the infl ux and effl ux of drugs at the blood-CSF 
barrier have been identifi ed, yet exploration of the identity, location, and function of 
these transporters at the blood-CSF barrier has only recently begun, and much infor-
mation remains to be learned. To this end, drug entry into the brain primarily 
depends on the physical barriers of the BBB and blood-CSF barrier and the affi nity 
of drugs for the membrane transporters located at each of these sites [ 55 – 60 ]. It is 
the interplay between these factors that govern drug exposure response in the brain. 

5.4.1     Drug Transporter-Mediated Effl ux in the Brain: 
Examples of Clinical Relevance 

 P-glycoprotein (P-gp) is the most extensively studied of the ATP-binding cassette 
(ABC) proteins, which also include the multidrug resistance proteins (MRPs) and 
breast cancer resistance protein (BCRP) [ 41 ,  51 ]. P-gp is principally expressed at 

P-gp

Blood (apical/luminal)

Brain (basolateral/abluminal)

Tight junctions

Capillary
endothelial

cells 

BCRPMRP1
MRP2
MRP4
MRP5

Oatp2

MRP4 Oatp2 OAT3

  Fig. 5.2    Localization of drug transporters on brain capillary endothelial cells of the blood-brain 
barrier (BBB). Please see Fig.  5.1  legend for root names of transport proteins contained within this 
fi gure.  Arrows  indicate directional movement of substrates (i.e., brain to blood or vice versa)       

transporting polypeptide,  PEPT  peptide transporter,  ASBT  ileal apical sodium/bile acid cotrans-
porter,  MCT  monocarboxylic acid transporter,  BCRP  breast cancer-related protein,  P-gp  
P-glycoprotein,  OAT  organic anion transporter,  NTCP  sodium/taurocholate cotransporting peptide, 
 BSEP  bile salt export pump,  MATE  multidrug and toxin extrusion pump,  OAT  organic anion trans-
porter,  URAT  urate transporter,  OCTN  organic cation/ergothioneine transporter.  Arrows  pointing 
inward to the organ are uptake transporters (i.e., OATP, PEPT1, ASBT, and MCT1 in the intes-
tines);  arrows  pointing away from an organ are effl ux transporters (i.e., BCRP and P-gp in the 
liver). In the liver, 5 transport proteins extrude drug into the bile (MRP2, MATE1, BCRP, BSEP, 
and P-gp)       
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the luminal (apical) membrane of capillary endothelial cells of the human brain 
(under normal physiologic conditions) where it functions to pump substrate medica-
tions back into systemic circulation [ 51 ,  61 – 63 ]. Of note, in certain pathologic states 
(i.e., epilepsy), P-gp expression and its localization in the BBB may be altered, as 
will be discussed in greater detail below. Genetic polymorphisms can also alter the 
degree of P-gp expression at the BBB, which can impact drug access to the brain. 

 One of the most important models for studying the impact of drug transport at the 
BBB involves the use of genetically defi cient animals (i.e., aforementioned “knock-
out mice”) [ 4 ]. In a classic example, the impact of P-gp in preventing CNS-mediated 
toxicity was serendipitously realized in a scenario in which  mdr1a  knockout mice 
(mice devoid of P-gp expression at the BBB) were administered the antiparasitic 
and well-recognized neurotoxic drug, ivermectin, to treat a mite infection [ 64 ]. 
When  mdr1a  knockout mice received ivermectin, they developed severe neurologic 
toxicity and nearly all the animals died. When ivermectin was quantitated in brain 
tissue of the  mdr1a  knockout mice, it was present in 10–100-fold higher concentra-
tions compared to wild-type mice that expressed functional P-gp [ 64 ]. As a result of 
this study, and further data in Collies and other dog breeds that exhibit severe iver-
mectin neurotoxicity, P-gp became widely accepted as a “gatekeeper” at the BBB 
that impeded brain penetration of potentially toxic compounds [ 65 ,  66 ]. 

  Analgesia     In addition to its protective role in preventing CNS toxicity, P-gp- 
mediated effl ux has also been observed to impact drug effi cacy in both animals and 
humans; this has been effectively illustrated with opiate analgesics [ 53 ]. A number 
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  Fig. 5.3    Graphic representation of the blood-cerebrospinal fl uid (blood-CSF) barrier. Please see 
Fig.  5.1  legend for root names of transport proteins contained within this fi gure.  Arrows  indicate 
directional movement of substrates (i.e., cerebrospinal fl uid to blood or vice versa)       
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of opioid analgesics (and antidiarrheals that act upon peripheral opioid receptors) 
have been identifi ed as P-gp substrates [ 53 ,  67 ]. Such agents include morphine, 
fentanyl, methadone, loperamide, diphenoxylate, and others (Table  5.1 ). Several 
studies in mice showed improved brain access and greater analgesic effect with 
morphine in mdr1a or mdr1a/b knockout mice [ 68 – 70 ]. Similar results in mice lack-
ing functional P-gp were also observed for fentanyl and methadone [ 70 ]. Consistent 
with these reports, investigators have shown that selectively blocking P-gp in wild- 
type rats with an inhibitor such as GF120918 increases extracellular fl uid concen-
tration and analgesic effi cacy of morphine and methadone [ 71 ,  72 ]. Preclinical data 
such as these have led to “proof of concept” studies in humans with the antidiarrheal 
agent, loperamide [ 73 ]. Loperamide acts upon peripheral opioid receptors to reduce 

    Table 5.1    Examples of clinically relevant psychoactive medications that are substrates and/or 
inhibitors of P-glycoprotein [ 1 ,  4 – 6 ,  21 ,  51 ,  53 ,  63 ]   

 Substrates  Inhibitors 

  Antipsychotics  
 Amisulpride, aripiprazole, chlorpromazine, 
clozapine, fl uphenazine, haloperidol, loxapine, 
lurasidone, mesoridazine, olanzapine, 
paliperidone, perphenazine, pimozide, 
quetiapine, risperidone, thioridazine, thiothixine, 
ziprasidone 

 Aripiprazole, chlorpromazine, clozapine, 
fl uphenazine, haloperidol, loxapine, 
lurasidone, mesoridazine, olanzapine, 
paliperidone, perphenazine, pimozide, 
quetiapine, risperidone, thioridazine, 
thiothixine, ziprasidone 

  Antidepressants  
 Amitriptyline, paroxetine, clomipramine, 
doxepin, imipramine, trimipramine, citalopram, 
escitalopram, fl uoxetine, fl uvoxamine, 
venlafaxine, duloxetine, nefazodone, trazodone 

 Amitriptyline, paroxetine, clomipramine, 
doxepin, imipramine, trimipramine, 
fl uoxetine, venlafaxine, nefazodone, 
trazodone 

  Analgesics (and antidiarrheals with opioid receptor activity)  
 Morphine, methadone, fentanyl, loperamide, 
diphenoxylate, tramadol, hydromorphone, 
oxycodone, hydrocodone, meperidine, codeine, 
butorphanol, pentazocine 

 Tramadol, loperamide, diphenoxylate, 
meperidine, butorphanol, pentazocine 

  Anticonvulsants  
 Phenytoin, phenobarbital, carbamazepine, 
lamotrigine, valproate, gabapentin, topiramate, 
felbamate 
  Antianxiety agents  
 Chlordiazepoxide, clonazepam, diazepam, 
lorazepam, buspirone 
  Sedative/hypnotics  
 Zolpidem, melatonin, fl urazepam, eszopiclone  Flurazepam 
  Drugs for the treatment of attention defi cit hyperactivity disorder  
 Methylphenidate, atomoxetine, clonidine 
  Agents for the treatment of Alzheimer’s disease  
 Donepezil, galantamine  Donepezil 
  Antiaddiction agents  
 Buprenorphine, naloxone 
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GI motility and exert its antidiarrheal effect [ 74 ,  75 ]. At clinically relevant doses, 
loperamide does not cross the BBB due to its strong affi nity for P-gp; therefore, it is 
void of CNS effects typically associated with centrally acting opiates (analgesia, 
euphoria, respiratory depression, drowsiness, etc.) [ 76 ]. Sadeque et al. administered 
a 16 mg dose of loperamide with and without the P-gp inhibitor quinidine 600 mg 
to 8 healthy male volunteers [ 73 ]. In the presence of quinidine, loperamide pro-
duced a statistically signifi cant reduction in ventilator response to carbon dioxide 
(i.e., respiratory depression) ( P  < 0.001) that was not explained by increased loper-
amide plasma concentrations. Results from this study demonstrate the ability of 
P-gp to prevent CNS side effects – and possibly thwart the abuse potential – of 
loperamide, which can be reversed by the P-gp inhibitor quinidine [ 73 ].

    In a separate investigation in healthy volunteers, the effect of quinidine on the 
CNS-mediated pharmacodynamic effects of loperamide was found to be infl uenced 
by  ABCB1  genotype [ 77 ]. Individuals with the G2677T(A)/C3435T haplotype 
experienced a more pronounced increase in mitotic effects when quinidine 800 mg 
was coadministered with loperamide 24 mg. These results are consistent with previ-
ous data that show that this haplotype is associated with reduced P-gp activity [ 35 ]. 
As such, the clinical relevance of P-gp inhibition at the BBB is likely to vary 
between individuals based upon their genetic predisposition, thereby making it dif-
fi cult to predict the clinical signifi cance of P-gp-mediated drug interactions on a 
case-by-case basis. 

 Not all opiates that are P-gp substrates are susceptible to interactions with P-gp 
inhibitors at the human BBB [ 78 ]. Fentanyl and methadone were both subject to 
P-gp-mediated brain extrusion in mice; however, neither drug, when administered 
intravenously to healthy human subjects, produced changes in respiration or miosis 
when coadministered with quinidine [ 70 ,  79 ]. One reason for these disparate results 
may lie in the fact that fentanyl is a relatively lipophilic drug that would be predicted 
to permeate the endothelial lining of the BBB to a greater extent than other, com-
paratively less lipophilic opiate analgesics such as morphine [ 80 ]. As a result, for 
more lipophilic drugs, such as fentanyl, P-gp-mediated effl ux may be less pro-
nounced [ 6 ]. Another potential reason why various P-gp substrates and inhibitors 
may interact differently with regard to their BBB-penetrating characteristics 
involves the presence of multiple P-gp binding sites [ 81 ]. A number of substrate 
binding sites throughout the transmembrane domains of P-gp have been recognized, 
and these sites differentially interact with P-gp substrates and inhibitors; therefore, 
the ability of a drug (i.e., quinidine) to inhibit P-gp may depend upon the specifi c 
P-gp substrate (i.e., loperamide vs. fentanyl) with which it is coadministered [ 81 , 
 82 ]. To illustrate, both colchicine and quercetin were found to enhance the transport 
of the P-gp substrate rhodamime-123; in contrast, these medications were found to 
inhibit the transport of the P-gp substrate Hoechst 33342 [ 81 ]. The affi nity of a 
particular drug for P-gp (i.e., strong vs. weak substrate) also undoubtedly contrib-
utes to a drug’s susceptibility to P-gp-mediated drug interactions at the BBB as does 
the potential contribution of transport proteins in addition to P-gp (such as MRPs 
and BCRP). A “one size fi ts all” approach then cannot be used to predict 
 transport- mediated interactions with opiate analgesics at the BBB. The ability to 
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predict these types of interactions should become easier as more data become avail-
able regarding the transport characteristics of specifi c opiate analgesic/P-gp inhibi-
tor combinations. 

  Seizure Disorders     Approximately 20–40 % of patients receiving therapy for sei-
zure disorders are resistant to anticonvulsant therapy [ 83 ,  84 ]. Despite the fact that 
anticonvulsants act by different pharmacological mechanisms, most patients who 
are resistant to anticonvulsant therapy are resistant to multiple, if not all available 
anticonvulsant medications [ 85 ]. The potentially severe clinical consequences of 
uncontrolled epilepsy include a shortened lifespan and neurological and psychiatric 
disorders [ 85 ,  86 ]. Uncovering the mechanism(s) responsible for anticonvulsant 
drug resistance is of great interest. One potential mechanism is localized overex-
pression of drug transporters such as P-gp, which can limit the access of anticonvul-
sants to epileptogenic brain regions [ 87 ]. The following anticonvulsant medications 
have been identifi ed as substrates for P-gp and/or MRPs: phenytoin, phenobarbital, 
carbamazepine, topiramate, valproate, and lamotrigine [ 88 ]. As stated earlier, under 
normal physiologic conditions, P-gp is primarily expressed by capillary endothelial 
cells; however, animal data have shown that repeated seizures induce overexpres-
sion of P-gp in different cell types of the brain, including perivascular astrocytes, 
parenchymal astrocytes, and neurons [ 89 – 91 ]. These data are consistent with those 
of Tishler et al. who found that brain expression of  ABCB1  (formerly  MDR1 ) is 
signifi cantly increased in patients with intractable partial (predominantly) temporal 
lobe epilepsy [ 92 ]. In addition to P-gp, a number of MRPs were also found to be 
overexpressed in brain capillary endothelial cells and/or astrocytes in patients resis-
tant to anticonvulsant therapy [ 93 – 98 ]. BCRP does not appear to be overexpressed 
in brain tissue in anticonvulsant drug-resistant patients. These data, along with those 
of others, have led researchers to hypothesize that overexpressed multidrug resis-
tance transporters reduce the extracellular concentration of anticonvulsant medica-
tions in the localized area of the brain expressing epileptogenic pathology [ 4 ]. This 
idea is supported by data from Rizzi et al. who observed a 30 % decrease in the 
brain/plasma ratio of phenytoin in rodents with increased hippocampal  ABCB1  
mRNA after kainite-induced seizures [ 99 ].  

 For direct proof of principle regarding the role of enhanced P-gp activity at the 
BBB and antiepileptic drug resistance (AED) resistance, several studies in rat mod-
els showed that administration of the P-gp inhibitor tariquidar improved seizure 
control in phenytoin and phenobarbital- treated chronic epileptic rats [ 100 ,  101 ]. 
This led to the conduct of several pilot studies using the P-gp inhibitor verapamil in 
human subjects with AED-resistant seizure disorders [ 102 ,  103 ,  105 ,  106 ]. Due to 
the small size of these studies and the lack of double-blinded placebo-controlled 
investigations, it is not possible to determine whether verapamil or other P-gp inhib-
itors may have a future role as adjunct agents for the treatment of AED-resistant 
epilepsy. Further evidence supporting the role of P-gp overexpression and AED 
resistance is the fact that levetiracetam, a non-substrate for P-gp, was highly effec-
tive in treating patients with epilepsy who were unresponsive to previous antiseizure 
medications – all of which were presumably P-gp substrates [ 104 ]. 
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 Overexpression of P-gp as well as other drug transporters at the BBB and in 
parenchymal glial cells in the brain likely contributes to AED resistance. One poten-
tial strategy to combat this phenomenon involves the use of antiseizure medications 
that are not substrates for P-gp, such as levetiracetam. Another involves the admin-
istration of add-on therapy with P-gp inhibitors such as verapamil, in hopes that 
they can enhance the CNS penetration of AEDs and improve seizure control; how-
ever, this approach is premature at this time and requires data from large well- 
controlled trials before it can be supported. Lastly, new drug formulations that 
circumvent the infl uence of drug transporters at the BBB may prove useful for the 
treatment of patients with AED-resistant seizure disorders. 

 In addition to seizure activity increasing drug transporter expression in brain tis-
sue, overexpression of drug transporters at the BBB has also been postulated to arise 
secondary to anticonvulsant administration; however, data from several preclinical 
studies suggest that this is not the case. Long-term administration of phenytoin and 
phenobarbital, respectively, did not induce the expression of P-gp in the brain in rats 
[ 105 ]. Similarly, 7-day administration of therapeutic doses of phenytoin and carbam-
azepine did not alter  ABCB1  mRNA in the hippocampus of mice [ 99 ]. These data 
suggest that seizure activity in the brain, as discussed above, and not anticonvulsant 
drug therapy is responsible for overexpression of drug transporters in the brain [ 4 ,  6 ]. 

 Functional genetic polymorphisms in genes that encode for drug transporters at 
the BBB (i.e.,  ABCB1and ABCC2 ) represent another mechanism by which enhanced 
transporter expression and reduced access of anticonvulsants to epileptogenic brain 
regions may occur [ 106 ,  107 ]. Numerous studies have investigated the relationship 
between AED and the  ABCB1  polymorphism (C to T) at position 3435 [ 108 ]. The 
fi rst of these studies, performed by Siddiqui et al., found that patients with drug-
resistant epilepsy, defi ned as ≥4 seizures during the previous year despite trials with 
>3 anticonvulsant medications at maximally tolerated doses, were more likely to 
possess the  ABCB1  3435 CC genotype versus the TT genotype (odds ratio, 2.66; 
95 % confi dence interval, 1.32–5.38;  P  = 0.006) [ 107 ]. This study involved 200 
AED-resistant patients, 115 AED-responsive patients, and 200 control subjects 
without epilepsy. These data are consistent with previous data that show that the 
3435 CC genotype is associated with increased P-gp expression and activity in a 
number of in vitro and in vivo investigations (although confl icting evidence has also 
been reported) [ 34 – 36 ]. This increase in P-gp expression at the BBB is postulated to 
reduce AED access to the brain, resulting in AED resistance [ 107 ]. 

 Since the initial study by Siddiqui et al., numerous investigations have been con-
ducted assessing the infl uence of  ABCB1  polymorphisms on AED resistance [ 107 , 
 109 – 120 ]. Most of these studies assessed the role of C3435T on AED resistance and 
they reported confl icting results, with some studies identifying a relationship 
between 3435 CC and AED resistance, some identifying a relationship between 
3435 TT and AED resistance, and some not fi nding any relationship at all. To 
address discordant results among the studies, at least 6 meta-analyses have been 
performed to date, with only the most recent showing a signifi cant relationship 
between 3435C and AED-resistant epilepsy [ 108 ,  121 – 125 ]. A meta-analysis 
reported on results from 38 studies involving 8716 patients. An association between 
the 3435C allele and AED resistance in patients experiencing >10 seizures per year 
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was observed [ 108 ]. The association was most notable in Caucasians, adults, and in 
patients treated with multiple medications. 

 In addition to C3435T, G2677T and C1236T (which are in linkage disequilibrium 
with C3435T) have also been associated with P-gp expression and activity and have 
been assessed in AED resistance [ 126 ]. Although the 3435, 2677, 1236 CGC haplotype 
has traditionally been associated with increased P-gp activity (and the TTT haplotype 
with comparatively less P-gp activity), a study conducted in Japanese patients with 
AED drug resistance found that the TTT haplotype was associated with carbamaze-
pine-resistant epilepsy [ 127 ]. These results would appear counterintuitive, considering 
that the TTT haplotype would be expected to be associated with reduced P-gp expres-
sion and increased penetration of carbamazepine into epileptogenic brain tissue. Similar 
results were observed by Subenthiran et al. who reported a signifi cant association 
between 2677TT and 3435TT and resistance to carbamazepine monotherapy in 314 
Malaysian patients [ 128 ]. Given the overall lack of consistency in data describing the 
association between  ABCB1  and AED resistance, other transporters, such as  ABCC2 , 
may represent additional avenues of drug resistance in patients with seizure disorders. 

  ABCC2 , which encodes for the MRP2 transporter, has been assessed in a small 
number of studies of AED resistance [ 126 ,  129 ,  130 ].  ABCC2  C24T and C3972T 
were associated with AED resistance in 537 Chinese patients [ 129 ]. Similarly, 
another study in 221 German patients with epilepsy (103 responders and 118 non-
responders to fi rst-line AED therapy) found that nonresponders were more likely to 
carry the “T” allele of the C24T variant of the  ABCC2  gene [ 130 ]. These data are 
surprising in that the  ABCC2  24T allele has been associated with reduced activity 
in vitro, and reduced MRP2 activity would be expected to correlate with adequate 
AED penetration into the brain and a reduced incidence of AED resistance [ 131 ]. A 
number of postulated mechanisms for these results have been put forth, most nota-
bly the likelihood that other drug transporter genes (i.e.,  ABCB1 ) are upregulated in 
the presence of the low-function  ABCC2  24T allele. 

 In conclusion, the pharmacogenomics of drug transporters at the BBB represents 
a complex area where study results are often counterintuitive or in disagreement. 
Numerous reasons exist for disparity between studies attempting to characterize the 
roles of  ABCB1  and  ABCC2  on P-gp expression at the BBB and anticonvulsant drug 
activity. These include a variety of covariates such as compensatory upregulation of 
other transport proteins; differences in transporter expression between tissues (i.e., 
the BBB vs. the liver or intestine); types of drugs being studied (i.e., stronger vs. 
weaker P-gp substrates); the presence of drug-drug interactions; ethnicity of the 
study populations, which may display differential haplotype frequencies; and poly-
morphisms in drug metabolizing enzymes (i.e., cytochrome P450) that may impact 
systemic drug exposure.  

5.4.2     Depression 

 Approximately 30–50 % of patients with depression exhibit an incomplete response 
to antidepressant medications of adequate dose and duration [ 132 ]. Common 
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antidepressant drug classes include selective serotonin reuptake inhibitors (SSRIs), 
tricyclic antidepressants (TCAs), serotonin-norepinephrine reuptake inhibitors 
(SNRIs), and tetracyclic antidepressants, all of which must cross the BBB to exert 
their pharmacologic effects. Evolving evidence suggests that P-gp may impede the 
uptake of antidepressant medications into the CNS, thereby contributing to the high 
degree of treatment failure associated with current antidepressant regimens [ 133 ]. It 
has also been postulated that P-gp inhibition by antidepressant medications contrib-
utes to their antidepressant activity by altering glucocorticoid penetration across the 
BBB, resulting in reduced hypothalamic-pituitary-adrenal (HPA) axis activity [ 134 ]. 

 It remains controversial which antidepressants are substrates and/or inhibitors of 
P-gp and whether or not P-gp contributes to treatment-resistant depression (TRD) 
[ 133 ]. The interaction between antidepressants and P-gp can be attributed to the use 
of different in vitro assays; lack of a validated, highly reliable predictive screening 
model to identify P-gp substrates and inhibitors; interlaboratory differences that 
yield disparate results despite use of a common assay; differences in data interpreta-
tion between investigators; use of different cell lines for P-gp experiments; differ-
ences in knockout mouse models (single- vs. double knockout mice); and animal 
dosing strategies (single-dose vs. chronic drug administration) [ 133 ]. These incon-
sistencies represent challenges to understanding the complex relationship between 
P-gp expression at the BBB and patients with TRD. 

 Despite uncertainty as to which antidepressants are P-gp substrates, emerging 
clinical data suggest that P-gp plays a role in antidepressant drug response. A PET 
study using [ 11 C]-verapamil observed increased P-gp function in patients being 
treated for major depression [ 38 ]. Reasons for the increase in P-gp activity may 
include  ABCB1  induction due to chronic antidepressant therapy, increased P-gp 
expression secondary to cytokines resulting from immune activation, or functional 
SNPS in the  ABCB1  gene [ 135 – 140 ]. A number of studies have been conducted to 
assess the infl uence of  ABCB1  polymorphisms on TRD, with the prevailing hypoth-
esis being that low-function SNPs will be associated with greater CNS penetration 
of antidepressant medications and improved clinical response. 

 The most compelling data supporting a relationship between predicted P-gp 
activity and antidepressant effi cacy was reported by Uhr and colleagues [ 141 ]. The 
authors investigated the relationship between remission rates in 443 depressed 
Caucasian patients treated with antidepressants and 95 SNPs in  ABCB1 . Eleven rare 
intronic SNPs, presumably associated with reduced P-gp activity and greater CNS 
antidepressant penetration, were associated with a 7.7-fold greater chance of remis-
sion ( P  < 0.001) after 5 weeks of therapy with P-gp substrate antidepressants that 
included citalopram, paroxetine, amitriptyline, and venlafaxine [ 141 ]. This associa-
tion was not due to differences in plasma concentrations or antidepressant drug 
doses, and no association was found between  ABCB1  SNPs and remission in sub-
jects receiving the non-P-gp substrate, mirtazapine. Of particular interest, these 
fi ndings were reproduced by Sarginson et al. for the P-gp substrate paroxetine and 
the non-P-gp substrate mirtazapine [ 142 ]. However, a large retrospective analysis 
failed to replicate the fi ndings of Uhr and colleagues with regard to a potential rela-
tionship between  ABCB1  SNPS and citalopram [ 143 ]. 
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 A number of additional studies have investigated the association between  ABCB1  
SNPs and antidepressant clinical response and toxicities; however, despite the posi-
tive pharmacogenetic results discussed above, there is a prevailing disagreement in 
the literature regarding the involvement of different  ABCB1  SNPs and antidepres-
sant drug response. Reasons for disparity in study results are similar to those dis-
cussed for the relationship between AED resistance and P-gp; they include 
differences in ethnicities of studied populations, the unlikelihood that an individual 
SNP or gene is responsible for antidepressant drug response, the role of other trans-
porters at the BBB besides P-gp, uncertainty regarding the degree to which a drug 
is a substrate for P-gp (strong vs. week), and the possible contribution of P-gp inhi-
bition by antidepressant medications to their mechanism of action in the CNS [ 133 ]. 

 Hypothalamic-pituitary-adrenal (HPA) axis hyperactivity is a consistent fi nding 
in patients suffering from depression [ 144 ]. Patients typically have elevated plasma 
cortisol and ACTH, which is indicative of HPA axis dysregulation [ 145 ]. This com-
promised negative feedback inhibition process is hypothesized to result from P-gp- 
mediated effl ux of endogenous glucocorticoids at the BBB (or in neuronal tissue), 
thereby preventing the glucocorticoids from binding to their receptors within the 
CNS. Pariante and coworkers hypothesize that P-gp inhibition at the BBB by anti-
depressant medications allows endogenous glucocorticoids (i.e., cortisol) greater 
access to the CNS, subsequently restoring normal HPA axis function and reducing 
depressive symptoms [ 134 ]. This hypothesis is supported by data in mice in which 
desipramine reduced basal and activated HPA axis activity [ 146 ]. This theory has 
been challenged based on (1) uncertainty regarding whether antidepressant medica-
tions could achieve concentrations at the BBB high enough to inhibit P-gp to a clini-
cally relevant degree, (2) failure to demonstrate that acute or chronic desipramine 
administration leads to increased glucocorticoid penetration into the brain second-
ary to P-gp inhibition in an in situ mouse model, and (3) a dearth of in vivo data 
supporting this hypothesis in humans [ 133 ,  147 ]. The primary impact of P-gp on 
antidepressant activity would appear to be related to its ability to limit access of 
antidepressant medications to the CNS. 

 Despite the absence of prospective, controlled, adequately powered trials to 
characterize the role of  ABCB1  gene variants on antidepressant activity, it is con-
ceivable that pharmacologic inhibition of P-gp at the BBB may augment antidepres-
sant effi cacy in patients with TRD [ 133 ]. Anecdotal evidence suggests that 
adjunctive treatment with the P-gp inhibitor verapamil produced a benefi cial effect 
in severely depressed patients refractory to SSRI treatment [ 148 ]. This approach 
also appears to be supported by data which show that the addition of an antipsy-
chotic medication such as aripiprazole, olanzapine, quetiapine, or risperidone can 
be used to enhance antidepressant treatment response in patients with TRD [ 149 ]. 
Since some of these antipsychotics have been shown to inhibit P-gp in vitro, it has 
been speculated that this is the mechanism by which these antipsychotic medica-
tions augment antidepressant treatment response (i.e., by enhancing CNS penetra-
tion of antidepressant medications secondary to P-gp inhibition). Further supporting 
this premise are data which show that risperidone coadministration with sertraline 
resulted in a trend toward increased brain concentrations of sertraline in of CF1 
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mice [ 150 ]. The ability of antipsychotics to achieve P-gp inhibitory concentrations 
at the BBB, which is usually in the micromolar range, has been called into question 
[ 53 ]. Nonetheless, these observations are largely preclinical and anecdotal. 
Controlled studies are necessary to determine the role, if any, of P-gp inhibition in 
improving antidepressant treatment effi cacy in TRD.  

5.4.3     Schizophrenia 

 Schizophrenia that is resistant to antipsychotic therapy (pharmacoresistant schizo-
phrenia) is prevalent in approximately 13–50 % of all schizophrenic patients and by 
defi nition continues despite combination drug therapy [ 151 – 154 ]. Because most 
typical and atypical antipsychotics are, to varying degrees, substrates for P-gp 
(Table  5.1 ), and these medications require brain access to exert their pharmacologic 
activity, it has been postulated that P-gp may contribute to pharmacoresistant 
schizophrenia by limiting penetration of these drugs into the CNS. It has also been 
hypothesized that low P-gp activity at the BBB is associated with increased penetra-
tion of psychotropic medications into the brain and subsequent toxicities such as 
cognitive impairment, weight gain, and polydipsia [ 155 – 157 ]. 

 In a similar investigative process as that observed with anticonvulsant medica-
tions, a number of studies have assessed the infl uence of  ABCB1  polymorphisms 
(primarily C3435T, G2677T, and C1236T) on antipsychotic effi cacy and toxicity 
[ 155 – 166 ]. Lin et al. observed a relationship between the 3435T allele, olanzapine 
plasma concentrations, and a reduction in positive symptoms of schizophrenia 
which include hallucinations, delusions, thought disorders, and movement disorders 
[ 158 ]. The investigators also reported a similar relationship between the linked 
SNPs, C1236T and G2677T and olanzapine dose-response. The authors speculate 
that enhanced brain access with the  ABCB1  T alleles may have led to the improved 
drug response with olanzapine. However, the authors also caution that because of 
the small sample size ( n  = 41), their results should be considered preliminary. 
Similar results were reported by Bozina et al. who observed a signifi cantly better 
initial treatment response to olanzapine in 117 female schizophrenic patients who 
possessed a 2677 T allele [ 160 ]. Results from this investigation are noteworthy in 
that subjects had not received chronic antipsychotic therapy and were not receiving 
concurrent antipsychotic medications, each of which have the potential to modulate 
P-gp activity and confound study results. The all-female population eliminated any 
sex-related differences in olanzapine treatment response that may exist. 

 In addition to olanzapine, several studies also observed positive relationships 
between  ABCB1  genotypes and risperidone treatment response [ 157 ,  162 ,  167 ]. 
Xing and coworkers found that the percentage improvement in the brief psychiatric 
rating scale (BPRS) in 130 Chinese patients (85 female) treated with risperidone 
was better in patients with the 1236 TT genotype [ 162 ]. These results are not unex-
pected, considering that numerous preclinical studies have shown that risperidone 
has a greater affi nity for P-gp than most other typical or atypical antipsychotic 
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 medications. Consistent with these fi ndings, the 1236 TT genotype was associated 
with increased improvement during risperidone therapy in 45 Portuguese patients 
with autism spectrum disorder [ 167 ]. Nonetheless, as has been noted in studies with 
antiseizure and antidepressant medications, results from other studies with antipsy-
chotics have failed to identify a relationship between P-gp activity (as represented 
by  ABCB1  genotype) and drug response [ 159 ,  168 ,  169 ]. 

 In contrast to the above results, Nikisch et al. observed signifi cantly lower plasma 
and CSF concentrations of the P-gp substrate quetiapine in 22 German schizo-
phrenic patients possessing the TT genotype at positions 3435, 2677, and 1236 
[ 164 ]. The  ABCB1  2677TT carriers exhibited a 2.6-fold lower quetiapine plasma 
concentration compared to noncarriers and a 5.4-fold lower quetiapine CSF concen-
tration compared to noncarriers after 4 weeks of quetiapine therapy. The compara-
tively lower concentration in the CSF versus the plasma suggests that the low CSF 
concentration could not be explained solely on the basis of reduced drug diffusion 
into the CSF from the plasma – but likely occurred due to active drug effl ux at the 
BBB. These results, which show reduced CNS penetration and poorer treatment 
response with TT genotypes at positions 3435, 2677, and 1236, are in opposition to 
those previously reported with olanzapine and risperidone, which showed greater 
treatment response (and better presumed CNS penetration) in TT individuals at at 
least one of these positions [ 158 ,  160 ,  162 ]. Reasons for these disparate results may 
be due to ethnic differences in the treatment populations, differences in transport 
characteristics of the studied medications, and the possibility that other transport 
proteins (i.e., MRPs) are upregulated in the presence of low-activity  ABCB1  
genotypes. 

 In addition to drug response, several studies have noted relationships between 
 ABCB1  SNPS and toxicity with antipsychotic medications. A hallmark of each of 
these studies is that the reported toxicity occurred more frequently in subjects pos-
sessing the low-activity (T) allele [ 155 – 157 ]. Yasui-Furukori et al. noted a relation-
ship between the 3435 TT genotype and poor improvement in cognitive function in 
a study of 31 acutely exacerbated schizophrenic patients receiving bromperidol, a 
structurally related analogue to haloperidol [ 155 ]. The authors speculate that higher 
brain concentrations of bromperidol in patients with the 3435 TT genotype would 
be expected to be associated with worsening cognitive function [ 155 ]. In a separate 
study, a signifi cant relationship was identifi ed between  ABCB1  TT variants at posi-
tions 3435 and 2677 and weight gain with risperidone after 4 months of treatment 
in 108 female schizophrenic patients of Croatian descent [ 157 ]. Presence of 3435 
and 2677 T variants was not associated with weight gain secondary to olanzapine 
treatment in this study. This may be due to the fact that olanzapine is an  intermediate 
substrate for P-gp compared to risperidone, which is a strong substrate [ 170 ,  171 ]. 
Shinkai and colleagues reported that polydipsia occurred more frequently in 84 
schizophrenic polydipsic patients with the 3435 T allele compared with 247 non- 
polydipsic controls (odds ratio = 1.46; 95 % CI = 1.03–2.07;  P  = 0.0.35) [ 156 ]. The 
authors speculate that the C3435T polymorphism may play a role in the pathophysi-
ology of polydipsia in schizophrenia, presumably by allowing greater brain penetra-
tion of antipsychotic medications which is believed to contribute to this disorder. 
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 In addition to genetically controlled differences in P-gp expression at the BBB 
and in neuronal tissue, concomitant administration of P-gp-modulating medications 
is another mechanism by which the pharmacologic response of antipsychotic medi-
cations may be impacted, especially in patients with pharmacoresistant schizophre-
nia [ 172 ]. Patients with pharmacoresistant schizophrenia typically receive multiple 
psychotropic medications including antipsychotics, antidepressants, and mood- 
stabilizing anticonvulsants such as carbamazepine [ 172 ]. Chronic therapy with cer-
tain medications may modulate P-gp activity and alter the CNS penetration (and the 
subsequent effi cacy and/or toxicity profi le) of antipsychotic medications. To illus-
trate, chlorpromazine can act as both an inhibitor and inducer of P-gp-mediated 
effl ux, depending on the medication with which it is coadministered [ 173 ]. Assuming 
that other medications can also differentially affect P-gp-mediated transport, chronic 
polypharmacy in patients with pharmacoresistant schizophrenia may be associated 
with transport-mediated drug interactions that either positively or negatively infl u-
ence antipsychotic drug response. A number of factors likely infl uence such putative 
interactions, including  ABCB1  genotype, ethnicity, diet, age, gender, and specifi c 
medications that are being coadministered. Large, prospective, randomized, care-
fully controlled trials are necessary to ferret out the infl uences of these factors on 
antipsychotic drug response in patients with pharmacoresistant schizophrenia.   

5.5     Conclusions and Future Directions 

 In recent years, a remarkable amount of progress has been made in understanding 
the role of transport proteins, especially P-gp, on drug absorption and disposition. 
One of the most interesting and diffi cult areas to study involves the role of effl ux 
transporters as “gatekeepers” that control drug distribution across the BBB and into 
the CNS. While the ability of effl ux transporters, P-gp in particular, to protect the 
brain from xenobiotic-induced toxicity is well-recognized, P-gp is also capable of 
hindering the pharmacologic activity of drugs that must gain CNS access to exert 
their pharmacologic activity. A number of approaches have been suggested to deal 
with this phenomenon. First and foremost, however, is the need to gain a better 
understanding of drug transport at the BBB. 

 Despite the increase in transporter information that has become available in the 
biomedical literature over the last decade, the optimal approach to in vitro and animal 
testing to determine whether a drug is a P-gp substrate or modulator remains unclear, 
as does a standardized manner in which to interpret such data [ 4 ]. While information 
on MRPs, BCRP, OATPs, and OATs has increased recently, it still lags signifi cantly 
behind P-gp. More information is needed with regard to the regulation, genetics, 
substrates, and modulators of these membrane transporters. Detailed information is 
necessary regarding the potential overexpression of these transporters when P-gp 
expression/activity is reduced or absent. While clearly a daunting task, large, well-
controlled studies are necessary to elucidate the role of multiple transporters (and 
their various polymorphisms) on drug disposition and drug interactions. Such studies 
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will need to take numerous additional factors into account such as ethnicity, sex, diet, 
smoking, concurrent medications, disease states, and age to determine the impact of 
various transport proteins on psychoactive drug responses. A multiple logistic regres-
sion approach with large sample sizes will likely be necessary to identify the combi-
nation of factors that can potentially infl uence drug distribution into the CNS. 

 In the meantime, several approaches have been suggested to circumvent the 
infl uence of P-gp on drug transport at the BBB. One such tactic includes direct 
pharmacologic inhibition, as was mentioned earlier with regard to the P-gp inhibitor 
verapamil in combination with AEDs and antidepressants. This approach though 
can only be used to enhance, as opposed to reduce, brain drug delivery and it allows 
for little control over the extent and duration of barrier opening [ 174 ]. Moreover, 
most inhibitors aren’t selective for a specifi c protein, which may result in unwanted 
side effects. Conversely, targeting transporter regulation by modulating the effects 
of infl ammatory mediators (i.e., cytokines such as tumor necrosis factor-α [TNF- 
α], interleukin-1 β [IL-1 β], and interleukin-6 [IL-6]), mediators of oxidative stress 
such as reactive oxygen species, and nuclear receptors including the pregnane X 
receptor (PXR) can be turned off for brief, controlled time periods [ 174 ]. 

 Attention has focused on developing new molecular entities that do not interact 
with P-gp or other effl ux transporters [ 175 ]. Drugs that are not substrates for mem-
brane transporters at the BBB would be expected to reach therapeutic concentra-
tions at their site of activity in the brain. While this has the potential to be 
therapeutically advantageous, such medications will need to be carefully developed 
and studied to avoid untoward toxicities when such medications have unfettered 
brain access. A current example of a medication that is not a P-gp substrate and is 
active against AED-resistant epilepsy is levetiracetam [ 104 ]. Drug-containing 
nanoparticles with the capability of passing through the luminal membrane of the 
BBB represent another means by which drug formulations may be developed that 
circumvent the actions of centrally located effl ux transporters. 

 In conclusion, centrally located membrane transporters restrict drug delivery to 
the brain and can compromise the effi cacy of psychoactive medications. When 
pharmacologically inhibited or minimally expressed due to genetic polymorphisms, 
these same transporters may allow unopposed brain access to certain drugs resulting 
in toxicity. An evolving understanding of these phenomena, as well as novel thera-
peutic strategies is necessary to improve CNS drug delivery and optimize the safety 
and effi cacy of psychoactive pharmacotherapy.     
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    Chapter 6   
 Pharmacogenomics                     

       Kristen     M.     Wiese      ,     Stephanie     A.     Flowers      , and     Vicki     L.     Ellingrod     

    Abstract     Pharmacogenomics is a rapidly growing fi eld dedicated to identifying 
genetic markers that will allow practitioners to identify safe and effective therapy 
that is tailored to the individual patient. As a result, pharmacogenomic testing has 
the potential to optimize drug therapy for a variety of disease states. The landmark 
Sequenced Treatment Alternatives to Relieve Depression trial, commonly known as 
the STAR*D trial, showed that only a disappointing 30 % of patients experience 
remission from depression symptoms with their initial trial of antidepressant ther-
apy. Furthermore, other studies have shown that 70 % of patients not remitting after 
their fi rst medication trial may endure symptoms for months before experiencing 
relief secondary to drug therapy. In the future it is hoped that advancing pharma-
cogenomics research will help identify the safest and most effective medication for 
each patient—not only for the treatment of depression but for other disease states as 
well. Currently pharmacogenomic testing is not widely implemented; however, this 
is likely to change as clinicians become increasingly familiar with this fi eld. This 
chapter will familiarize clinicians with the fi eld of pharmacogenomics by (1) build-
ing a simple understanding of how genetic variability can alter drug response, (2) 
discussing current approaches in pharmacogenomics research, (3) describing help-
ful resources for practitioners, (4) providing an overview of the clinical application 
of pharmacogenomics and the associated issue of reimbursement, and (5) reviewing 
opinions on the future of pharmacogenomics in the clinical setting.  
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    Pharmacogenomics is a rapidly growing fi eld dedicated to identifying genetic mark-
ers that will allow practitioners to identify safe and effective drug therapy tailored 
to the individual patient. As such, pharmacogenomics is a key component of person-
alized medicine, which is a broad term encompassing preventative, diagnostic, and 
treatment strategies based on the molecular profi le of the individual. 

 The potential for pharmacogenomics to make a signifi cant impact on the practice 
of pharmacy is impressive. As an example, for those with depression, the landmark 
Sequenced Treatment Alternatives to Relieve Depression trial, commonly known as 
the STAR*D trial, showed that only a disappointing 30 % of patients experience 
remission from depression symptoms with their initial trial of antidepressant ther-
apy [ 1 ,  2 ]. Furthermore, other studies have shown that 70 % of patients not remitting 
after their fi rst medication trial may endure symptoms for months before experienc-
ing relief secondary to drug therapy [ 3 ]. In the future it is hoped that advancing 
pharmacogenomics research will help identify the safest and most effective medica-
tion for each patient starting a new course of drug therapy. Patients, practitioners, 
and third-party payers would all be expected to benefi t from the impressive amount 
of time, money, and frustration saved by eliminating this trial and error period. 

 Currently pharmacogenomics is not widely applied by clinicians; however, with 
the constant expansion of personalized medicine tailoring therapies and diagnostics 
to the individual, knowing when pharmacogenomics tests are appropriate, where to 
order them, and how to interpret and apply the results will be important tools for 
healthcare practitioners in the near future. The following chapter objectives are 
structured to familiarize clinicians with pharmacogenomics by (1) building a simple 
understanding of how genetic variability can alter drug response, (2) discussing cur-
rent approaches in pharmacogenomics research, (3) describing helpful resources for 
practitioners, (4) providing an overview of the clinical application of pharmacoge-
nomics and the associated issue of reimbursement, and (5) reviewing opinions on 
the future of pharmacogenomics in the clinical setting. 

6.1     Objective 1: Genetic Variability and Drug Response 

 Interindividual variation in the DNA sequence occurs approximately once every 
300 base pairs, or in roughly ten million locations [ 4 ]. By far the most common 
source of genetic variation, and the source of the above estimate, refers to single- 
nucleotide polymorphisms (SNPs), commonly referred to as “snips.” 

 SNPs occur when one of the four DNA base pairs (adenine [A], cytosine [C], 
thymine [T], or guanine [G]) is substituted for another. In pharmacogenomics litera-
ture, SNPs are often designated by their position on the gene of interest and include 
some indication of the more common base pair, for example, 109T>C or T109C. In 
this instance the SNP occurs at position 109 on the gene, and the most common 
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nucleotide found is thymine, followed by cytosine. Therefore, 109T and 109C are 
different variants of this fi ctional gene and may occur on one or both alleles (or stands 
of DNA). In some situations, sets of SNPs that are inherited together due to close 
proximity on the DNA strand are studied as a group, or haplotype. 

 Another mechanism of genetic variation that has demonstrated importance in 
drug response is called a copy number variant (CNV). This type of mutation is 
observed when large sections of DNA are repeated (or deleted altogether) in an indi-
vidual’s genome. Whereas SNPs are estimated to occur at roughly ten million loca-
tions on the human genome, far fewer regions of variable copy number have been 
identifi ed [ 4 ,  5 ]. In a 2006 analysis of 270 individuals, only 1447 regions of variable 
copy number greater than 1 thousand base pairs were identifi ed [ 5 ]. The estimated 
occurrence of CNVs per individual has been quoted at anywhere from 11 to 140 [ 6 ]. 

 The presence of an SNP or CNV alone is not enough to confer impact on clinical 
outcome with respect to drug response. In fact, the vast majority of SNPs and CNVs 
likely have no impact on pharmacogenomics. As illustrated in the upcoming exam-
ples of pharmacogenomics research, genetic variants that are most likely to impact 
drug response often have one of the following characteristics: they change the 
activity of enzymes important for medication metabolism, they occur in a site 
important to the mechanism of action (such as in the binding pocket of a drug target 
or a change in the promoter region of the gene that regulates expression), or they 
impact a medication’s side effect profi le. The outcomes that are measured and 
assumed to be due to genetic variability are called phenotypes. Phenotypes are a 
refl ection of the impact of a person’s genotype. Common phenotypes in pharma-
cogenomic studies include treatment response, tolerability, side effects, and drug 
pharmacokinetics. 

 An additional consideration unique to pharmacogenomics research is variant fre-
quency. Genetic variants often differ in occurrence by ethnicity, and for a study to 
be feasible with respect to participant size, a variant typically needs to be present in 
at least 5 % of the general population. Otherwise, the number of study participants 
necessary to show a statistically signifi cant impact becomes unattainable for many 
investigators (in the thousands depending on expected clinical impact). Examples of 
methods used in pharmacogenomics research to detect and analyze SNPs, haplo-
types, and CNVs will be discussed in more detail in the following section.  

6.2     Objective 2: Current Approaches 
in Pharmacogenomic Research 

6.2.1     Targeted Genotyping 

 The targeted genotyping method is employed when a predetermined SNP is linked 
to a disease or drug response phenotype. Identifi cation of candidate genes is particu-
larly useful when disease pathophysiology or drug mechanism of action is known. 
Often for these studies, one or more genes are sequenced, and a few SNPs are exam-
ined in relation to the identifi ed phenotype. 
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 An example of utilizing a candidate gene approach in pharmacogenomics of 
mental health is defi ning the mechanism of antidepressant-associated sexual dys-
function (SD). Sexual dysfunction is a frequently described side effect of antide-
pressants, specifi cally those associated with the serotonergic pathway [ 7 ]. Selective 
serotonin reuptake inhibitors (SSRIs) are fi rst-line agents for the treatment of 
depression but have a reported SD rate that approaches 40 % [ 8 ]. Males typically 
describe a decrease in desire and ability to achieve orgasm, while females report a 
decrease in arousal that is attributed to SSRI use. As a result of SD, clinicians report 
decreased compliance with antidepressant treatment [ 9 ]. Most research on SSRI- 
associated SD has focused on the  5-HTTLPR  variant, which is a 44 base pair inser-
tion/deletion in the promoter of the gene  SLC6A4  [ 10 ,  11 ]. This gene encodes a 
serotonin transporter 5-HTT and, due to its involvement in the serotonergic path-
way, is a logical gene to interrogate by the candidate gene approach in this popula-
tion. Upon sequencing the  SLC6A4  loci, analysis showed that the longer  5-HTTLPR  
variant (44 bp insertion present) is associated with greater SSRI effi cacy; however, 
the long allele is also associated with greater SD in carriers [ 12 – 15 ]. Clinically, we 
may fi nd that although homozygous carriers of the long  5-HTTLPR  variant respond 
well to antidepressant therapy, compliance may become an issue as the patient is 
likely to experience SD [ 11 ,  16 ].  

6.2.2     Genome-Wide Association Studies (GWAS) 

 The majority of pharmacogenomics research has generally focused on genes related 
to drug metabolism. However, as sequencing technology improves along with our 
understanding of disease pathophysiology, we fi nd a greater need to understand 
additional pathways that may determine treatment response. GWAS uses array chip 
technology to associate specifi c phenotypes with genetic variants, or SNPs, across 
the entire genome [ 17 ]. Unlike candidate gene studies, the GWAS method does not 
require prior knowledge of the pathophysiology of the disease state and has the 
potential to identify novel candidate variants. 

 GWAS design requires several elements. DNA is required from a large pheno-
typically relevant population in addition to the ability to detect polymorphic alleles 
that can be genotyped and have adequate coverage of the genome [ 18 ]. Importantly, 
GWAS also requires rigorous statistical methodology to determine genetic associa-
tions [ 19 ]. For many recent GWA studies, the few common associated SNPs show a 
small effect size and explain small portions of genetic risk [ 20 ]. Aside from mono-
genic diseases, or an inherited disease controlled by a single pair of genes, the 
genetic cause of more complex disease may need to consider a graded quantitative 
genetic risk that includes the involvement of high-risk and low-risk genes. In many 
cases, researchers feel that current GWAS methods are only the fi rst step in the 
identifi cation of target genes [ 21 ]. Additionally GWAS investigations can examine 
the accumulation of gene variants in a specifi c network that may result in complex 
disease. 
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 Genome-wide association studies have been widely utilized to identify target 
genes responsible for varying treatment response phenotypes in psychiatric medicine. 
The STAR*D trial, previously mentioned, provided the largest cohort of DNA from 
patients with major depressive disorder (MDD) [ 2 ]. One of STAR*D’s goals was to 
determine the effectiveness of alternate therapies for patients who were nonresponders 
to initial antidepressant treatment, and a genetic portion of the trial examined how 
differences in patient response may be explained in part by pharmacogenetics [ 22 ]. 

 To do this, researchers examined DNA sequences from 68 suspect genes col-
lected from 1297 STAR*D participants, comparing those who responded to treat-
ment with citalopram as opposed to nonresponders [ 23 ]. This initial analysis 
established a response relationship with a variant of the  HT2RA  gene (rs7997012), 
which is a serotonin receptor. A later analysis of the STAR*D trial expanded the 
population to include 1816 patients and duplicated the analysis between the citalo-
pram responders and nonresponders [ 24 ]. This study reproduced the previous asso-
ciation with the  HT2RA  variant and treatment response but additionally found an 
association of the  GRIK4  gene variant (rs1954787) with the higher likelihood of 
treatment response. This was the fi rst report that highlighted the role of  GRIK4,  a 
glutamate receptor, in the pathogenesis and treatment outcome of MDD.  

6.2.3     Whole-Exome Sequencing (WES) 

 Out of the approximate three billion base pairs that confi gure the human genome, 
only 1 % of this sequence actually translates into protein [ 25 ]. An exon is the 
protein- coding portion of the gene and the exome consists of all the genome’s 
exons. Therefore, whole-exome sequencing is a technique in which genomic DNA 
binds to a predefi ned target of sequences that correspond to the protein-coding por-
tion of the genome. As next-generation sequencing platforms become cheaper and 
more available, it is now possible to cost-effectively target variation in the coding 
portion of the genome [ 26 ]. The obvious drawbacks to WES are that structural 
changes and intergenic and promoter sequences that may infl uence gene transcrip-
tion or splice variants will be excluded from analysis. Additionally, our current 
understanding of the genome limits our analysis as parts of the genome not cur-
rently recognized as translatable will not be interrogated by this method [ 27 ]. 
Despite these limitations, WES has been shown to be highly effective at identifying 
high-penetrance exonic mutations causing disease. 

 Much like the GWAS STAR*D trial, which examined the genetics of nonre-
sponders to SSRIs, WES has also been employed to investigate pharmacogenomics 
of antidepressant treatment. Wong and colleagues compared the effectiveness of 
fl uoxetine and desipramine therapy in a prospective pharmacogenetic study in fi rst- 
generation Mexican Americans to identify specifi c SNPs that correlated with treat-
ment response [ 28 ]. Although the study showed that fl uoxetine was generally more 
effective after 8 weeks of treatment, whole-exome sequencing was performed for 36 
treatment responders and 29 subjects who did not respond to treatment. 
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Pharmacogenetic analysis showed that exm-rs1321744 achieved signifi cance for 
the treatment remission group. Interestingly, the location of the variant suggests an 
epigenetic function, as it’s situated in a brain-methylated DNA immunoprecipita-
tion sequencing site, which further implicates its functional role in antidepressant 
treatment response.  

6.2.4     Whole-Genome Sequencing 

 Most loci identifi ed by genome-wide association analysis do not result in amino 
acid substitutions in proteins or may not even locate to an exome sequence [ 29 ]. 
Instead, these mutations can potentially alter gene expression and translational 
activity or affect gene splicing. Current array-based methodologies such as WES 
identify common allele variants in a population, but these may only have minor 
effects on phenotype or have variable penetrance due to epigenetic confounders. 
Whole-genome sequencing offers the most comprehensive picture of an individu-
al’s genome by providing both uncommon variant sequence data as well as struc-
tural data. As the cost of genome sequencing continues to decrease, experts predict 
a shift from array-based technologies to whole-genome sequencing approaches 
[ 30 ]. Whole-genome sequencing analysis requires redundant sequencing of mil-
lions of short DNA fragments [ 31 ]. Construction of the genome can be performed 
de novo but is more commonly done with the aid of the reference genome. The most 
important element of whole-genome sequencing is the quality of the genome assem-
bly defi ned by the assembly and alignment algorithms. 

 Whole-genome sequencing is now employed to identify variants in pharmacoge-
nomic biomarkers for commonly prescribed drugs [ 32 ]. Mizzi and colleagues ana-
lyzed whole-genome sequences from 482 unrelated individuals of mixed ethnic 
backgrounds. Analysis revealed over 400,000 variants in 231 pharmacogenes associ-
ated with the absorption, distribution, metabolism, excretion, and toxicity (ADMET) 
of several drugs. Of these variants, 26,807 were in exon sequences and regulatory 
regions, whereas 16,487 were previously undetected. Interestingly, when authors 
focused their analysis on defi ned pharmacogenes,  CYP2D6 ,  CYPC9 ,  VKORC1 , 
 UGT1A1 , and  TPMT , 11 novel exonic variants were revealed that reached a frequency 
of over 1 %. These data emphasize the potential of whole-genome sequencing to cap-
ture several novel and potentially important ADMET-associated variants in patients.  

6.2.5     Copy Number Variant 

 In addition to identifying sequence changes in the genetic code, current genomic 
research also focuses on structural changes in genetic representation of genes 
(duplications, deletions) such as copy number variations (CNVs) [ 5 ,  6 ]. When 
CNVs are at least 1 kb in length, vary from the reference genome, and are identifi ed 
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in a population at a frequency of at least 1 %, they are called copy number polymor-
phisms (CNPs) [ 5 ,  33 ]. CNVs are common in the human population, affect about 
15 % of the genome, and are likely to result in the change of expression levels of 
genes in or close to the effected regions [ 34 ]. With specifi c regard to psychiatric ill-
ness, CNVs have been shown to contribute to conditions such as Alzheimer’s dis-
ease, schizophrenia, and autism [ 35 – 37 ]. 

  CYP2D6  is a highly polymorphic gene that encodes an enzyme responsible for 
metabolizing 25 % of currently used drugs [ 38 ]. Included in this list of substrates 
are SSRIs, tricyclic antidepressants, and some antipsychotics. To date there are 75 
individual variant  CYP2D6  alleles documented in the Human Cytochrome P450 
Allele Nomenclature Database (  http://www.cypalleles.ki.se    ), which include those 
with normal, reduced, and nonfunctional enzymatic activity levels resulting from 
different combinations of SNPs. In addition to SNPs, CNVs of  CYP2D6  wild-type 
and variant alleles have been observed resulting in increased expression levels of 
this enzyme in vivo [ 39 ]. Carriers of multiple functional alleles of  CYP2D6  can 
result in rapid metabolization of substrates, and standard dosing recommendations 
for  CYP2D6 -metabolized medications may not suffi ce.   

6.3     Objective 3: Pharmacogenomics Resources 

 There are a multitude of online resources available regarding the research and clini-
cal implementation of pharmacogenetics. 

6.3.1     HapMap Project 

 The HapMap Project (  www.hapmap.org    ) is an international collaboration of scien-
tists and different funding agencies that have developed a haplotype map of the 
human genome. This resource is designed to describe common patterns of DNA 
sequence variations, where they occur on the chromosome, and how they are dis-
tributed in different populations. These data are devised to be a resource for research-
ers to identify genes affecting disease, drug response, and environmental health.  

6.3.2     The 1000 Genomes Project 

 The goal of The 1000 Genomes Project (  www.1000genomes.org/    ) is to discover and 
locate genetic variants that have frequencies of at least 1 % in various populations. 
Although the title stipulates 1000 genomes, the project intends to combine the light 
sequencing (4× coverage) data from a total of 2500 genomes to provide an accurate 
picture of estimated variants and genotypes that were not sequenced directly. This 
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project was designed with the intent that individual researchers will utilize the 1000 
Genomes dataset to expand their personal data to include millions of additional 
variants beyond those genotyped directly by the investigator. This process is entirely 
computational and requires no genotyping cost. The additional genotype data allows 
investigators to localize phenotype-associated loci and target associated genes more 
precisely.  

6.3.3     The Psychiatric GWAS Consortium (PGC) 

 The PGC (  http://www.med.unc.edu/pgc    ) is the largest psychiatric consortium that 
serves as a repository for the genome-wide genetic data for over 170,000 subjects 
submitted by over 500 investigators from at least 80 institutions. As discussed ear-
lier, GWAS data analysis requires large sample sizes to identify robust genetic asso-
ciations, and obtaining this data for investigators can be a challenge. The PCG 
repository of genetic data can be used by individual investigators to conduct mega- 
analysis of gene associations of psychiatric disorders. Initially, analysis was focused 
on autism, attention-defi cit hyperactivity disorder, bipolar disorder, major depres-
sive disorder, and schizophrenia but has expanded to encompass other disorders in 
addition to CNV analysis. 

 PGC is also involved in the Psych Chip project where they are conducting new 
genotyping of large numbers of new cases and controls. To accomplish this, the 
Infi nium® PsychArray BeadChip from Illumina (  http://products.illumina.com/    ) 
was developed in collaboration with the PCG in order to evaluate genetic variants 
associated with common psychiatric disorders. The PsychArray BeadChip, or the 
Psych Chip, is a SNP array that contains 250,000 exome variants selected by the 
PGC, high-density sequencing coverage of loci associated with psychiatric illness, 
and genome-wide common variants that allow comparison to other GWAS studies.  

6.3.4     PharmGKB 

 PharmGKB (  www.pharmgkb.org    ) is a knowledge base and resource center that con-
tains and disseminates clinical information about pharmacogenomics and drug 
response. In 2009, a collaboration between PharmGKB and Pharmacogenomics 
Research Network (PRN) created the Clinical Pharmacogenetics Implementation 
Consortium (CPIC). The purpose of CPIC is to develop clinical guidelines from the 
interpretation of rigorous laboratory genetic testing into applicable instructions for 
clinicians to implement pharmacogenetic information into practice. Guidelines can 
either focus on specifi c genes or drugs and encompass directions on how to assign 
phenotypes to genotypes in addition to drug-specifi c prescribing recommendations. 
CPIC guidelines are published in peer-reviewed journals and are periodically 
updated with supplemental data; these guidelines and additional resources are 
located on the CPIC webpage (  http://www.pharmgkb.org/page/cpic    ).   
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6.4     Objective 4: Current Clinical Applications 
of Pharmacogenomics and Reimbursement 

 As discussed in objective 3, there are multiple resources that provide dosing recom-
mendations for psychiatric medications based on genetic profi le, but there is very 
little guidance on when to order a genetic test. The following examples will address 
this knowledge gap by illustrating how providers are currently employing pharma-
cogenomics in a clinical setting. Additional considerations, such as the quality con-
trol regulation of laboratories that offer genetic testing, and the issue of insurance 
reimbursement will also be discussed. 

 At this time, the mood stabilizer carbamazepine is the only medication used in 
psychiatric medicine that includes a labeling recommendation to obtain genetic test-
ing prior to use in individuals of Asian ancestry [ 40 ]. This recommendation was 
added to the product packaging label based on research showing that patients of 
East Asian descent were at an increased risk of developing a serious, potentially 
life-threatening rash when taking carbamazepine [ 41 ]. At least 5 % of this risk was 
attributed to carrying a particular variant of the human leukocyte antigen allele: 
HLA-B*1502 [ 42 ]. This allele is present at a much greater frequency in East Asians 
(10–15 %), as compared to those of Japanese or Korean (<1 %) descent [ 43 ]. This 
situation provides a fairly straightforward example of when SNPs distant from the 
site of a medication’s mechanism of action signifi cantly impact a drug’s side effect 
profi le. 

 Outside of this recommendation for carbamazepine, how do healthcare providers 
know when to order genetic testing to guide drug therapy? Many would consider the 
following two situations: (1) for patients being treated with medication for a new 
indication in order to avoid multiple medication trials and (2) for patients who are 
refractory to treatment with a particular medication for the dual purpose of 
 determining the cause of suboptimal treatment response and assisting with the 
selection of a different medication. A common focus of genetic tests offered by 
commercial laboratories to improve medication use is the analysis of drug metabo-
lizing enzyme activity, most often enzymes within the cytochrome P450 family. 

 As part of the genetic testing process, samples (usually blood or saliva) are 
sent to laboratories where the DNA is sequenced and analyzed for the presence of 
multiple SNPs and CNVs that have been associated with variable drug response 
in pharmacogenomics studies. The results of these assays are then interpreted to 
classify the genotyped individual as a poor, intermediate, extensive, or ultrarapid 
metabolizer of medications metabolized by the tested enzyme. In this classifi ca-
tion system, extensive metabolizers are considered to have an average level of 
metabolizing capacity, while poor and intermediate metabolizers have a lower 
metabolic capacity. Poor or intermediate metabolizers typically have higher 
plasma concentrations of substrate medications, experience more side effects, 
and require lower- than- normal doses. Alternatively, ultrarapid metabolizers have 
higher-than-normal enzyme activity resulting in reduced effi cacy; these patients 
may require higher- than- average doses of drugs metabolized by the tested 
enzyme. 
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 After classifying the metabolizing status of each tested enzyme, a report will 
typically be sent to the ordering healthcare professional that describes the dosing 
recommendations made by organizations such as CPIC or the Dutch 
Pharmacogenetics Working Group [ 44 ,  45 ]. Consider the following example situa-
tion: you just diagnosed a 45-year-old woman with depression. This is her fi rst 
diagnosed episode, and her comorbid conditions include migraines and chronic 
back pain. She tells you that her sister has had depression for the past several years 
and that she is still struggling to fi nd a medication that works well for her. She is 
worried this will happen to her so you broach the topic of pharmacogenomics and 
she agrees to genetic testing. 

 The test results return and you note that her CYP2D6 status is classifi ed as exten-
sive (or normal), but that her CYP2C19 status is classifi ed as poor. Your fi rst impres-
sion was to select nortriptyline to simultaneously target her migraine, mood, and 
pain symptoms, but you know that this medication is metabolized in part by 
CYP2C19. You refer to the report and read that CPIC recommends considering a 
50 % reduction in the recommended starting nortriptyline dose in patients with this 
genetic profi le and to utilize therapeutic drug monitoring to guide dose adjustments 
[ 46 ]. In this situation, pharmacogenomic testing alerted a practitioner to initiate and 
titrate treatment more cautiously than standard recommendations dictate. 
Additionally, the provider is now aware that medications the patient may take in the 
future which are metabolized by CYP2C19, such as diazepam, may be present in 
higher-than-average plasma concentrations, and lower starting doses may be 
prudent. 

 Like TDM for lithium, genetic testing can be a helpful tool to improve medica-
tion use when it is implemented correctly. Unlike lithium TDM, genetic tests do not 
need to be repeated unless new variants are found to impact the response of medica-
tions your patient is currently receiving or plans to receive in the future. Another 
dissimilarity between pharmacogenomics tests and the majority of labs used in 
healthcare decisions (such as lipid and blood glucose screening) is that the provider 
has to select the lab that will perform the pharmacogenomic testing. In most cases, 
clinicians cannot simply write an order for pharmacogenomics testing and instruct 
the patient to visit the genetic test retailer nearest them. 

 This leads to the question: how do you select a pharmacogenomics laboratory to 
sequence your patient’s DNA, and who is regulating these tests? The Food and Drug 
Administration (FDA) has the authority to regulate the clinical validity of pharma-
cogenomics tests. However, so far the FDA has only exercised this authority over 
genetic tests sold as kits [ 47 ]. Therefore, clinicians may wish to refer to resources 
such as PharmGKB for current literature and guideline summaries prior to deter-
mining how applicable specifi c test results may be to their patient. The Centers for 
Medicare and Medicaid Services (CMS) also regulates laboratory testing through 
the Clinical Laboratory Improvement Amendments (CLIA) [ 48 ]. CLIA certifi cation 
is focused on analytical validity and the overall quality of laboratory practices [ 49 ]. 
Practitioners planning to order genetic tests may wish to consider selecting facilities 
that have CLIA certifi cation because it ensures that an independent body has 
approved their employees’ training and analytical laboratory quality. 
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 CLIA certifi cation is also necessary for reimbursement from Medicare and 
Medicaid [ 48 ]. Currently there are very few pharmacogenomics tests that are cov-
ered by insurance. As noted in a detailed review of pharmacogenomic reimburse-
ment, Milligan stated that private third-party payers tend to take cues from Medicare 
with respect to what tests should be covered [ 50 ]. Pharmacogenomics tests for many 
medications are not covered because they are considered experimental and lack 
established clinical value [ 51 ]. However, as time progresses the costs of these tests 
will decrease, and the body of evidence supporting the relationship between genetic 
variation and drug response will accumulate. It is reasonable to predict that person-
alized drug prescribing will be a cost effective, reimbursable means of improving 
drug response in the future.  

6.5     Objective 5: Future of Pharmacogenomics 

 Several issues complicate the widespread adoption of genetic testing in psychiatric 
pharmacy. As noted in many reviews, there is an absence of large, prospective ran-
domized clinical trials comparing the cost and outcomes of patients treated with or 
without pharmacogenomics-based medication algorithms in the fi eld of mental 
health. Some speculate that a large-scale study necessary to prove the cost/benefi ts 
analysis of pharmacogenomics within the mental health arena will never be 
attempted due to unacceptably high costs [ 52 ]. 

 In 2009, a retrospective analysis of the STAR*D trial attempted to assess whether 
the benefi ts of pharmacogenomics testing outweighed the costs [ 53 ]. For this study, 
the author used genotype data from one SNP in a serotonin gene that was previously 
associated with citalopram response in combination with a rather complex cost 
analysis assessment that assumed that patients entered treatment at age 40 and were 
followed over the course of their lifetime [ 23 ,  53 ]. The authors concluded that the 
genetic testing for this one SNP was not cost effective [ 53 ]. However, the authors 
did state that incorporating multiple genetic variants into a cost-benefi t analysis 
might improve the predictive power of a pharmacogenomics test and push the cost- 
benefi t analysis in favor of testing [ 53 ]. 

 This comment leads to several important considerations regarding the future of 
pharmacogenomics testing. First, like any new technology, the cost of running 
sequencing assays is steadily decreasing. Costs are already below $100 for the 
reagents used to analyze about 500,000 SNPs [ 52 ]. Furthermore, it is highly likely 
that incorporating more loci of genetic variability will improve the predictive power 
of pharmacogenomics. 

 No discussion of pharmacogenomics would be complete without addressing the 
ethical issues associated with collecting and storing DNA. Patient uncertainty 
regarding the use and confi dentiality of collected DNA may become a substantial 
barrier to the widespread adoption of genetic testing once reimbursement is no lon-
ger an issue. In the research setting, patient rights are protected via a detailed 
informed consent process, which informs individuals that they are surrendering 
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their DNA for current and future genetic testing. Alternatively, “tiered” approaches 
to genetic research are being used where patients can consent to have their DNA 
studied for the current trial in which they are participating but decline consent for 
future research [ 54 ]. 

 When genetic information is used for diagnosis or treatment decisions, there is 
concern that test results could be used to discriminate against individuals when they 
seek future employment or health insurance. The United States enacted a law in 
2008 to protect individuals from this type of discrimination. It is called the Genetic 
Information Nondiscrimination Act (GINA). GINA contains two parts that expressly 
prohibit health insurance providers from using genetic information to make eligibil-
ity or coverage decisions. In addition, GINA forbids employers from making 
employment decisions based on an individual’s genetic profi le [ 55 ]. There are a few 
uncovered groups in this act, such as those serving in the military or those working 
for employers with less than 15 employees. Furthermore, GINA does not apply to 
any other insurance type, such as life or disability insurance.  

6.6     Conclusion 

 As the cost of genetic testing decreases and evidence supporting the utility of phar-
macogenomics in drug prescribing continues to grow, it will be increasingly impor-
tant for clinicians to understand the resources available to them for interpreting the 
quality and relevance of pharmacogenomic test results. This chapter was designed 
to provide an introduction to the application of pharmacogenomics in the mental 
health fi eld. The interested reader is referred to the websites discussed throughout 
the chapter and those listed here:

    1.    PharmGKB:   www.pharmgkb.org       
   2.    CPIC dosing guidelines:   http://www.pharmgkb.org/page/cpic       
   3.    1000 Genomes:   www.1000genomes.org/       
   4.    The Psychiatric GWAS Consortium:   http://www.med.unc.edu/pgc       
   5.    HapMap Project:   www.hapmap.org       
   6.    Dutch Pharmacogenetics Working Group:   http://www.pharmgkb.org/page/dpwg       
   7.    CLIA lab certifi cation:   http://www.cms.gov/Regulations-and-Guidance/Legislation/

CLIA/index.html?redirect=/clia/       
   8.    GINA:   http://www.genome.gov/24519851             
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    Chapter 7   
 Antipsychotics                     

       Michael     W.     Jann       and     W.     Klugh     Kennedy    

    Abstract     Antipsychotic medications have been used for the treatment of patients 
with schizophrenia, schizoaffective, bipolar disorders, and other psychotic condi-
tions. Antipsychotics administration can occur by various routes that includes oral, 
sublingual, intramuscular, and inhalation. Long-acting depot antipsychotics offer 
the clinician an additional option for chronic disease management. Most antipsy-
chotics are metabolized by the hepatic CYP enzymes except ziprasidone and 
paliperidone. Antipsychotics are either substrates or inhibitors of P-glycoprotein. 
A “therapeutic” plasma concentration range has been recommended for antipsy-
chotics except for asenapine, iloperidone, and lurasidone due to their recent entrance 
into clinical practice. Each antipsychotic agent possesses a different pharmacody-
namic profi le with receptor binding that accounts for their varying therapeutic 
effects regarding daily doses and their different adverse event characteristics. The 
antipsychotic doses are at the lower therapeutic range that achieves a dopamine 
receptor subtype 2 (D2) blockade of 65–85 % as measured by the PET technology. 
Yet, routine daily practice exceeds these low doses based upon the patient’s clinical 
response and tolerability indicating the limitations of linking pharmacokinetic and 
pharmacodynamic models with complex psychiatric diseases such as schizophre-
nia. Other pharmacodynamic effects include QT/QTc prolongation, prolactin 
changes, anticholinergic, sedation, and cardiovascular actions. Population pharma-
cokinetic analysis has been extended to antipsychotics, yielding some interesting 
fi ndings regarding pharmacokinetic and pharmacodynamic models.  
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7.1       Introduction 

 The advent of antipsychotics ushered into the treatment of various psychiatric dis-
orders that contain psychotic symptoms is an important intervention to improve 
patient care. The psychiatric conditions that commonly employ the use of antipsy-
chotics include schizophrenia and bipolar disorders. These diseases are chronic in 
nature with relapses and remissions over the patient’s lifetime. Antipsychotics also 
have been used to treat depression, various anxiety disorders, and other psychiatric 
illnesses. Antipsychotics have been grouped into several categories: typical, atypi-
cal, and dopamine stabilizers (e.g., aripiprazole). The typical agents are the older 
drugs (e.g., chlorpromazine) and have been used for greater than (e.g., chlorproma-
zine) 35 years to treat patients. The atypical agents have become the fi rst-line medi-
cations for the treatment of patients with schizophrenia and bipolar disorders. 
Whereas a mutual defi nition of atypical agents remains to be elucidated, it is gener-
ally accepted by clinicians that these agents produce little or negligible extrapyra-
midal side effects, effi cacy in treating the negative and cognitive symptoms, a 
relative absence of tardive dyskinesia, and moderate serum prolactin increases at 
therapeutic dosages. 

 The clinical pharmacokinetics of antipsychotics has been extensively studied due 
to the technological advances in assay methodology that allow for the accurate 
detection and measurement of plasma drug concentrations (see Chap.   1    ). However, 
the routine monitoring for clinical utility of antipsychotic drug concentrations con-
tinues to be of questionable use. The wide interpatient variability of antipsychotic 
agents poses challenges for clinicians to interpret these fi ndings applied to direct 
patient care. Identifi cation and validation of a “therapeutic” range for these agents 
enhance usage of serum concentration monitoring to maximize effi cacy while mini-
mizing adverse effects. Drug-drug interactions or suspicion of excessive drug serum 
concentrations despite modest drug dosages can be reasonable explanations for 
obtaining a sample. Linking serum concentrations to pharmacodynamic effects at 
the receptor level have been applied to dosages and dopamine receptor (D2) block-
ade determined by positron emission tomography (PET; see Sect.  7.4.1 ). 

 This chapter will present the clinical pharmacokinetics and pharmacodynamics 
of antipsychotics with a focus on the atypical agents and includes only a selected 
number of the typical agents [ 1 ]. For a more detailed review of the older typical 
agents, the reader is referred to the other resources [ 2 ].  
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7.2     Clinical Pharmacokinetics 

7.2.1      Absorption 

7.2.1.1     Oral Administration and Bioavailability 

 The pharmacokinetic properties of selected typical and atypical antipsychotics are 
presented in Table  7.1 . The physiologic mechanism for antipsychotic drug absorp-
tion is passive diffusion through the gastrointestinal (GI) membranes. P-glycoprotein 
(Pgp; see Chap.   1    ) is present in the GI tract, and all antipsychotic agents were 
reported to be Pgp substrates in varying magnitudes [ 1 ,  3 ]. As a result, Pgp can also 
infl uence antipsychotic drug absorption rates contributing to the interpatient vari-
ability found with these agents. The time-to-maximal serum or plasma concentra-
tions ( T  max ) for the majority of both typical and atypical antipsychotics normally 
occur between 1 and 5 h (data not shown) from capsule and immediate-release 
tablet formulations [ 4 ,  5 ]. Several agents have been formulated as oral disintegrat-
ing tablets (olanzapine, risperidone, aripiprazole). Asenapine must be given sublin-
gually to achieve a bioavailability of at least 30 %; oral administration is associated 
with less than 2 % systemic availability [ 6 ,  7 ]. A slightly longer  T  max  was reported 
for olanzapine (mean 6 h) [ 4 ]. Quetiapine extended-release (ER) tablet had a mean 
 T  max  of 5 h (versus a mean of 2 h for the immediate release), while paliperidone 
extended-release capsule reported a mean  T  max  of 24 h [ 8 ,  9 ].

   The effect of food was shown to increase ziprasidone’s bioavailability up to 60 % 
[ 10 ]. A high fat meal had the greatest impact increasing ziprasidone area under the 
plasma concentration-time curve (AUC). A high fat meal also increased quetiapine 
AUC and peak plasma concentration ( C  max ) by 15 % and 25 %, respectively [ 11 ]. 
Lurasidone is recommended to be taken with at least a 350 Kcal meal independent 
of fat content to ensure maximum exposure [ 12 ]. Food decreased the absorption rate 
of risperidone but not the extent [ 13 ]. Food did not signifi cantly affect the absorp-
tion rate of the other antipsychotics [ 1 ,  2 ].   

7.2.2     Inhalation 

 An inhalation device was developed to administer loxapine via inhalation for 
patients who refuse oral or intramuscular antipsychotic administration. Single doses 
of 0.625–10 mg given to healthy volunteers produced a mean  T  max  of 5 min [ 14 ]. 
Although this route has a faster  T  max  compared to other administration routes includ-
ing intramuscular loxapine [ 15 ], additional clinical studies should be explored to 
determine the feasibility of inhalation antipsychotic therapy for agitated patients.  

7 Antipsychotics

http://dx.doi.org/10.1007/978-3-319-27883-4_1


142

                     Ta
bl

e 
7.

1  
  Su

m
m

ar
y 

of
 th

e 
m

ea
n 

cl
in

ic
al

 p
ha

rm
ac

ok
in

et
ic

 p
ar

am
et

er
s 

of
 th

e 
an

tip
sy

ch
ot

ic
s   

 D
ru

g 
  T  ½

  (
h)

 
 C

L
 (

L
/h

) 
 V

d 

 Pr
im

ar
y 

m
et

ab
ol

ic
 

pa
th

w
ay

 
 M

et
ab

ol
ite

 

 T
he

ra
pe

ut
ic

 
co

nc
en

tr
at

io
ns

 
(n

g/
m

L
) 

  F
ir

st
-g

en
er

at
io

n 
ty

pi
ca

l a
nt

ip
sy

ch
ot

ic
s  

  C
Y

P
 e

nz
ym

es
  

 C
hl

or
pr

om
az

in
e 

 11
.8

 
 91

9 
 98

0–
20

00
 L

 
 1A

2,
 2

D
6,

 
3A

4 
 7-

H
yd

ro
xy

ch
lo

rp
ro

m
az

in
e 

 30
–3

00
 

 Fl
up

he
na

zi
ne

 
 13

.0
 

 57
1–

48
21

 L
 

 10
,5

00
 

 1A
2 

 7-
H

yd
ro

xfl
 u

ph
en

az
in

e 
 0.

5–
2.

0 
  

 E
nt

ha
na

te
 

 4 
da

ys
 

 62
,0

00
 L

 
  

 D
ec

an
oa

te
 

 14
 d

ay
s 

 H
al

op
er

id
ol

 
 20

.0
 

 33
–4

9 
 9.

5 
L

/k
g 

 1A
2,

 2
D

6,
 

3A
4 

 R
ed

uc
ed

 h
al

op
er

id
ol

 
 5–

17
 

  
 D

ec
an

oa
te

 
 21

 d
ay

s 
 M

es
or

id
az

in
e 

 9–
30

 
 N

.A
. 

 N
.A

. 
 2D

6 
 M

es
or

id
az

in
e 

su
lf

ox
id

e 
 15

0–
10

00
 

 Pe
rp

he
na

zi
ne

 
 9.

4 
 49

–1
83

 
 9.

8–
26

.7
 L

/k
g 

 1A
2,

 2
D

6 
 N

-D
es

m
et

hy
lp

er
ph

en
az

in
e 

 7-
H

yd
ro

xy
pe

rp
he

na
zi

ne
 

 0.
6–

2.
4 

 T
hi

or
id

az
in

e 
 6.

5 
 0.

59
 L

/k
g/

h 
 67

00
 L

 
 1A

2,
 2

D
6,

 
3A

4 
 M

es
or

id
az

in
e 

 20
0–

20
00

 

  Se
co

nd
-g

en
er

at
io

n 
at

yp
ic

al
 a

nt
ip

sy
ch

ot
ic

s  
 A

se
na

pi
ne

 (
sl

) 
 24

 
 0.

86
7 

(L
/m

in
) 

 17
00

 L
 

 1A
2,

 U
G

T
 

 N
-D

es
m

et
hy

la
se

na
pi

ne
 

 N
.R

. 
 A

ri
pi

pr
az

ol
e 

 75
 

 3.
4 

L
/h

 
 4.

9 
L

/k
g 

 2D
6,

 3
A

4 
 D

eh
yd

ro
ar

ip
ip

ra
zo

le
 

 15
0–

30
0 

  
 D

ec
an

oa
te

 
 29

.9
–

46
.5

 d
ay

s 
 C

lo
za

pi
ne

 
 9–

17
 

 9–
53

 
 2–

7 
L

/k
g 

 1A
2,

 3
A

4,
 

(2
D

6 
m

in
or

),
 

2C
19

 
(m

in
or

) 

 D
es

m
et

hy
lc

lo
za

pi
ne

 
 35

0–
60

0 
ng

/m
L

 

M.W. Jann and W.K. Kennedy



143

 Il
op

er
id

on
e 

 14
 

 47
–1

02
 

 25
27

 L
 

 2D
6,

 3
A

4,
 

1A
2 

(m
in

or
) 

 P8
8-

89
91

, P
95

-1
21

13
 

 N
.R

. 

  
 D

ec
an

oa
te

 
 28

 d
ay

s 
 L

ur
as

id
on

e 
 29

–3
7 

 3.
9 

L
/m

in
 

 61
37

 L
 

 3A
4 

 ID
-1

42
83

, I
D

-1
43

26
 

 N
.R

. 
 O

la
nz

ap
in

e 
 33

 
 26

 
 16

 L
 

 1A
2,

 U
G

T,
 

2D
6 

(m
in

or
) 

 10
-N

-g
lu

cu
ro

ni
de

 
 20

–8
0 

  
 Pa

m
oa

te
 

 30
 d

ay
s 

 4′
-N

-d
es

m
et

hy
lo

la
nz

ap
in

e 
 Pa

lip
er

id
on

e 
 24

 
 1.

4–
8.

2 
 70

–1
92

 L
 

 U
G

T,
 2

D
6 

(m
in

or
),

 3
A

4 
(m

in
or

) 

 N
on

e 
 20

–5
2 

  
 Pa

lm
ita

te
 

 25
–4

9 
da

ys
 

 Q
ue

tia
pi

ne
 (

IR
) 

 6 
 55

–8
7 

 51
3–

70
0 

L
 

 3A
4,

 2
D

6 
(m

in
or

) 
 N

-D
ea

lk
ya

lq
ue

tia
pi

ne
 

(n
or

qu
et

ia
pi

ne
) 

 70
–1

70
 

 R
is

pe
ri

do
ne

 
 22

 
 5.

0 
m

L
/m

in
/k

g 
 1.

0 
L

/k
g 

 2D
6 

3A
4 

(m
in

or
) 

 9-
H

yd
ro

xy
ri

sp
er

id
on

e 
 20

–6
0 

  
 M

ic
ro

sp
he

re
s 

 3–
6 

da
ys

 
 Z

ip
ra

si
do

ne
 

 4–
10

 
 5.

08
 m

L
/m

in
/k

g 
 1.

03
 L

/k
g 

 A
ld

eh
yd

e 
ox

id
as

e,
 3

A
4 

(m
in

or
) 

1A
2 

(m
in

or
) 

 D
ih

yd
ro

zi
pr

as
id

on
e 

 50
–1

60
 

   T  ½
  e

lim
in

at
io

n 
ha

lf
-l

if
e,

  C
L

  c
le

ar
an

ce
,  C

Y
P

  c
yt

oc
hr

om
e 

P4
50

,  V
d  

vo
lu

m
e 

of
 d

is
tr

ib
ut

io
n,

  L
  li

te
rs

,  h
  h

ou
rs

,  N
.R

.  n
ot

 r
ep

or
te

d  

7 Antipsychotics



144

7.2.3     Intramuscular (IM) Administration 

  Acute Treatment     The administration of IM antipsychotics is designated for agi-
tated and psychotic patients who refuse oral administration. Generally, IM adminis-
tration achieves higher plasma drug concentrations than the oral route due to the 
bypassing of the gastrointestinal absorption barriers.  

 Haloperidol remains a commonly used agent with established pharmacokinetic 
parameters [ 16 ]. The  T  max  of haloperidol takes place after 20 min (faster than oral 
administration) with a  C  max  about twice the amount of the oral route [ 17 ,  18 ]. 
Haloperidol IM doses can be repeated every 30 min for several doses to manage very 
agitated patients. Based upon the bioavailability data of the IM haloperidol, a conver-
sion factor of 1.0–1.5 times higher than the IM dose is suggested for converting 
patients to the oral dose [ 19 ]. IM ziprasidone also has a  C  max  of about 30 min [ 20 ]. 
Olanzapine IM administration compared to the oral route has a  T  max  of 30 min with a 
2–5-fold higher  C  max  [ 21 ]. Peak plasma aripiprazole concentrations were achieved at 
0.5 h, and a 90 % higher AUC was reached in the fi rst 2 h with the IM formulation 
compared to oral aripiprazole [ 22 ]. The elimination half-lives from IM antipsychotic 
administration do not signifi cantly differ from oral administration [ 1 ,  5 ,  6 ]. 

  Long-Acting Depot Treatment     A number of long-acting injectable (LAI) depot 
antipsychotics are available worldwide. Depot agents were developed to enhance 
patient adherence to treatment. The older typical antipsychotic, fl uphenazine enan-
thate, was the fi rst depot agent introduced in 1964, and then over the next decade, a 
variety of agents such as fl uphenazine decanoate, haloperidol decanoate, and others 
became available. The chemical characteristic that all of these molecules have in 
common is the presence of a terminal alcoholic group (−OH), which allows the 
combination with carboxylic acid by esterifi cation. These esters display very low 
solubility in water but are highly soluble in oil. Therefore, sesame oil or viscoleo 
was used, and after injection into the muscle, a depot of drug is formed that slowly 
diffuses into the bloodstream. The LAI atypical agents lack the –OH group requir-
ing other strategies to produce a depot preparation [ 23 ]. The methods used were 
drug encapsulation in a biodegradable polymer (risperidone, iloperidone, aripipra-
zole) or an aqueous suspension of an insoluble compound in water (olanzapine 
pamoate, paliperidone palmitate). The absorption rate for depot formulations is 
slower than their elimination rate; thus, the time needed to achieve steady-state 
conditions is a function of the absorption rate. A principle referred to as “fl ip-fl op” 
kinetics [ 23 ,  24 ].  

 The  T  max  and  T  1/2  of fl uphenazine enanthate slightly differ from fl uphenazine dec-
anoate with a  T  max  of 2–3 days and shorter elimination  T  ½  of 3.5–4 days [ 23 ]. 
Fluphenazine decanoate has an earlier  T  max  than other LAIs due to its manufacturing 
process where “free” fl uphenazine is present. The elimination half-life of LAIs 
shown in Table  7.1  displays a range between 21 and 46.5 days except for risperi-
done microspheres which has a shorter half-life of 3–6 days. Due to their 
 formulations, risperidone and aripiprazole LAIs are unable to include initial 
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“ loading” dose approach, and oral supplementation is recommended for 2–3 weeks 
after starting LAI therapy [ 23 ,  24 ]. The  T  max  for risperidone LAI occurs at 4–5 
weeks [ 25 ]. Both aripiprazole decanoate and long-acting iloperidone injection 
(a crystalline salt structure like paliperidone palmitate) are given on a monthly basis 
[ 26 ,  27 ]. Recently, a new paliperidone LAI formulation has been approved the US 
FDA for an administration once every 3 months by injection. The  T  max  occurs 
between 30 and 33 days with elimination half-lives from the deltoid and gluteal 
injection sites between 84–95 days and 118–139 days, respectively (Package Insert, 
Invega Trinza™, Janssen Pharmaceuticals, 2015). The extended time period for the 
3-month injection is due to the nanocrystal technology, increased drug concentra-
tion, and larger injection volume up to 2.6 mL. 

 A loading dose approach saturates the tissue compartment due to the agent’s 
large volume of distribution ( V d; see Sect.  7.2.4 ). A conversion factor of 1.6 times 
the oral fl uphenazine dose administered weekly during the fi rst month has been 
recommended for fl uphenazine decanoate [ 23 ]. After the initial month, the fl uphen-
azine decanoate dosing interval can be increased to every 2 weeks for 1 month and 
then every 4 weeks afterward. Various loading dose methods were described for 
haloperidol decanoate; these include multiplying the oral dose by 10, 20, or 30 
times the oral daily dose given during the fi rst month divided into 2 injections [ 28 ]. 
A weekly 100 mg dosing method can be used for less stable patients for 4 weeks, 
then every 2 weeks for 1 month, and then every 4 weeks [ 29 ]. The time interval can 
be shortened to 2–3 days for the fi rst two injections, and in specialized forensic 
units, a loading dose of up to 300 mg can be given weekly for 3 weeks [ 30 ]. 
Paliperidone palmitate is given in the deltoid muscle (28 % higher Cps versus glu-
teal muscle) 234 mg and then a second injection of 156 mg with a ± 4-day window 
[ 31 ]. Olanzapine pamoate loading dose is based on the oral dose for stable patients. 
For patients taking olanzapine 10 mg daily, the pamoate formulation can be given 
210 mg every 2 weeks or 405 mg every 4 weeks. When oral olanzapine 15–20 mg 
daily is used, the pamoate is dosed 300 mg every 2 weeks. After 8 weeks, dosing 
can be individually titrated based on the oral daily dose with the highest dose of 
300 mg every 2 weeks [ 24 ].  

7.2.4       Distribution 

 Antipsychotics are highly lipophilic agents that need to enter the central nervous sys-
tem (CNS) by penetrating the blood-brain barrier (BBB). These drugs directly bind to 
tissue components and can readily penetrate or accumulate within the adipose tissue. 
This principle is one of the aspects that allows for the LAIs loading dose method in 
dosing initiation. From Table  7.1 , antipsychotics have a wide and a large volume of 
distribution (Vd) with values greater than 1.0 L/kg indicating widespread diffusion 
throughout the body. The large Vd contributes to the wide interpatient pharmacoki-
netic variability of these agents [ 1 ,  2 ,  5 ,  6 ]. Serum concentration profi les of antipsy-
chotics from single-dose pharmacokinetic studies display a biphasic or triphasic 
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exponential decline as the drug enters various body compartments prior to elimina-
tion. Antipsychotics bind to the CNS and peripheral receptors that lead to their thera-
peutic and adverse side effect profi le. Plasma or serum concentration represents the 
amount of drug in the peripheral compartment but not in the tissue compartments.  

7.2.5     Protein Binding 

 All of the antipsychotics are highly protein bound (>90 %) with the exception of 
quetiapine (83 %) and paliperidone (74 %) [ 1 ,  2 ,  4 ,  5 ]. These agents are bound to 
various plasma proteins albumin and alpha-one acid glycoprotein (AAG) to varying 
degrees. For example, olanzapine was reported to be bound to AAG and albumin by 
77 % and 90 %, respectively [ 32 ]. Theoretically, when two different antipsychotics 
are used during treatment, protein-binding displacement could occur resulting in an 
increase of “free” drug into the system for one or both agents. In vitro models 
reported that when thioridazine was added to plasma from patients taking haloperi-
dol or fl uphenazine, increased free concentrations of haloperidol and fl uphenazine 
of 50 % and 30 %, respectively, were found [ 33 ,  34 ]. Displacement reactions could 
also possibly occur when antipsychotics are coadministered with warfarin or 
digoxin, and these types of studies are a regulatory agency requirement for the drug 
approval process. Nonetheless, the clinical signifi cance of protein-binding displace-
ment interactions may be minimal as antipsychotics exhibits a low extraction ratio 
such as clozapine (mean 0.17 ± 0.11), and most display a wide therapeutic safety 
index for this type of potential drug-drug interaction [ 35 – 37 ].  

7.2.6      CNS Distribution 

 Based on pharmacokinetic and pharmacodynamics models, drug concentration in 
the cerebrospinal fl uid (CSF) represents the amount of medication presented in the 
brain that becomes available to the CNS receptors (see Chaps.   3     and   4    ). As previ-
ously mentioned, antipsychotics are highly lipophilic and must pass through the 
BBB. Also located in the BBB is the Pgp effl ux transporter that has been shown to 
transport all antipsychotics to varying degrees [ 2 ,  38 ]. Pgp-mediated effl ux contrib-
utes toward the CNS accessibility of these agents and infl uences their therapeutic 
and adverse effect profi le (see Chap.   6    ). 

 Due to their invasive nature, studies of antipsychotic drug distribution into the 
CSF are challenging to complete in patients with psychiatric disorders. Only a few 
studies have been conducted. Antipsychotic drug CSF concentrations are lower than 
the plasma concentrations. The mean CSF/serum thioridazine concentration ratio 
was reported to be 0.010 (range 0.005–0.26) in 48 patients [ 39 ]. Fluphenazine  CSF/
plasma concentration ratios were ported in six patients taking the LAI decanoate; 
four patients had a ratio of 0.02, one patient 0.18, and one patient 0.85 (this patient 
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did not experience any signifi cant adverse effects) [ 40 ]. CSF haloperidol concentra-
tions measured in ten patients had an equal amount of drug (10 %) as the amount of 
free haloperidol assayed in the serum [ 17 ]. Olanzapine CSF and serum concentra-
tions were measured in 37 outpatients taking 2.5–25 mg daily for at least 14 days 
[ 41 ]. Smoking and other factors were included in the data analysis. The mean serum 
olanzapine concentration was 34.0 ± 19.7 ng/mL, and the mean CSF olanzapine con-
centration was 6.9 ± 3.3 ng/mL (20 %). A strong linear correlation between serum 
and CSF olanzapine concentrations was found ( r  = 0.93,  p  < 0.05). This was the fi rst 
study that also examined the infl uence of Pgp gene expression and reported that 
patients with the carriers of the ABCB1 1236 T/2677 T/3435 T haplotype had higher 
mean serum olanzapine concentrations (infl uencing drug absorption rates; see 
Sect.  7.2.1 ) of 37.3 ± 21.0 ng/mL versus 22.5 ± 7.9 ng/mL ( p  = 0.035) and 1.8 times 
higher CSF concentrations (4.7 ± 2.4 ng/mL versus. 2.6 ± 0.8 ng/mL,  p  = 0.018) [ 42 ]. 

7.2.6.1     P-Glycoprotein (Pgp) 

 The relationship between Pgp and antipsychotics has been described elsewhere, but 
as previously indicated, antipsychotics are Pgp substrates by varying extents [ 2 ,  38 ]. 
Pgp is located in the GI tract, liver, kidney, and BBB; therefore, the ABCB1 SNP 
could impact the antipsychotic drug distribution (see Chap.   6    ). Drugs that are sub-
strates of Pgp also often overlap with CYP3A4 [ 42 ]. The ABCB1 gene that encodes 
Pgp has most of this research investigating three SNPs, C1236T, G2677T/A, and 
C3534T, and their relationship with antipsychotic drug concentrations [ 43 ]. As 
mentioned in the Sect.  7.2.6 , olanzapine serum and CSF concentrations were 
reported to be signifi cantly ( p  = 0.01) higher in patients with ABCB1 
1236 T/2677 T/3435 T haplotype [ 41 ]. Signifi cantly higher quetiapine AUC was 
found in pharmacokinetic study in healthy volunteers ( N  = 24) with the ABCB1 
genotypes C3435T not the C1236T SNPs and was suggested that the polymorphic 
C3435T SNP may infl uence plasma concentrations [ 44 ]. Two studies reported that 
median clozapine plasma concentrations were about 1.6-fold higher in patients with 
the C3435T haplotypes compared to the other patients [ 45 ,  46 ]. Several studies have 
reported that ABCB1 SNPs variants were not associated with steady-state plasma 
concentration of risperidone and 9-hydroxyrisperidone metabolite [ 47 ,  48 ]. Based 
upon these limited studies, it appears that the Pgp T haplotypes may infl uence 
plasma concentrations in some but not all antipsychotics. The role of Pgp and its 
SNPs in antipsychotics continue to be explored.   

7.2.7     Metabolism and Elimination 

 Agents with pharmacologically active metabolites are notable considerations when 
clinicians evaluate patients for treatment. Antipsychotic metabolites are listed in 
Table  7.1  as 7-hydroxy, desalkyl, N-desmethyl, and other prefi xes that do not 
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include the parent compound name [ 1 ]. The complete metabolite name can be 
derived by including the name of the parent drug such as 7-hydroxychlropromazine. 
Of note, thioridazine is converted to mesoridazine, and risperidone is metabolized 
to 9-hydroxyrisperidone (known as paliperidone). Haloperidol is transformed to a 
reduced haloperidol which is partially converted back to haloperidol [ 49 ]. A similar 
metabolic profi le occurs with clozapine where it is converted to clozapine N-oxide 
and also is partially converted back to the parent drug clozapine, but its major 
metabolite is desmethylclozapine [ 50 ]. The perphenazine metabolite 
N-dealkylperphenazine is present in concentrations of 1.5–2.0 times that of the par-
ent drug with the 7-hydroxymetabolite about 50 % of the parent drug [ 51 ]. 
Iloperidone and lurasidone have reported metabolite identifi cation [ 52 ,  53 ]. 
Quetiapine is converted to norquetiapine (via N-dealkylation) which binds to the 
norepinephrine reuptake transporter (NET) and is suggested to possess antidepres-
sant properties [ 54 ]. Paliperidone is primarily metabolized by phase II glucuronida-
tion and is renally eliminated, while ziprasidone is metabolized by aldehyde oxidase 
[ 55 ,  56 ]. 

 The elimination half-lives of the antipsychotics are presented in Table  7.1  [ 1 ,  2 , 
 4 ,  5 ]. These values originate from the most commonly reported studies and show the 
wide interpatient variability in the elimination of antipsychotics as a result of the 
variability in Vd and CL. The depot antipsychotics also have elimination half-lives 
that can be measured in days. Fluphenazine enanthate has a shorter elimination half- 
life compared to the decanoate and can be dosed every 2 weeks [ 23 ]. The other 
depot agents are commonly given every 4 weeks. However, when patients have been 
on LAIs for extended time periods, antipsychotic drug concentrations may persist 
for prolonged time periods. Haloperidol and fl uphenazine plasma concentrations 
remained detectable for up to 12 weeks post depot drug cessation when patients 
were treated with these agents for greater than 6 months [ 57 ,  58 ]. Clinicians should 
continue to monitor patients for potential adverse side effects for 2–3 months after 
depot agents are discontinued. 

7.2.7.1     CYP Metabolism and Polymorphism 

 Phase I hepatic oxidative metabolism by cytochrome P450 (CYP) enzymes repre-
sents the major pathway of metabolism and elimination for many antipsychotics as 
shown in Table  7.1  [ 59 – 61 ]. There are some exceptions such as paliperidone and 
ziprasidone as previously mentioned. Phase II glucuronidation is also an important 
pathway that contributes to antipsychotic disposition, but very few studies have 
been conducted to specifi cally determine its impact in psychopharmacology com-
pared to oxidative phase I metabolism [ 62 ]. Olanzapine is primarily metabolized by 
glucuronidation to its 10-N-glucuronide, but CYP1A2 also signifi cantly contributes 
to its metabolism [ 63 ]. Genetic variations in different CYP enzymes occur and can 
impact drug disposition in various populations (see Chap.   6    ). CYP2D6 polymor-
phisms may impact antipsychotic disposition for those agents where this enzyme is 
metabolized by this pathway. Table  7.1  lists the antipsychotics that are CYP2D6 
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substrates: chlorpromazine, haloperidol, perphenazine, thioridazine, aripiprazole, 
clozapine, iloperidone, and risperidone. These agents except perphenazine are also 
metabolized by other CYP enzymes (e.g., CYP3A4). The contributions of CYP2D6 
polymorphisms and multiple CYPs on drug metabolism are additional factors that 
contribute to the wide interpatient variability found with antipsychotics. It is beyond 
the scope of this chapter to review every study examining CYP2D6 polymorphisms 
and antipsychotic drug disposition. For example, clearance of chlorpromazine and 
clozapine was not associated with CYP2D6 EMs versus PMs [ 64 ,  65 ]. This chapter 
will present selected studies where CYP2D6 polymorphisms display a signifi cant 
impact on specifi c antipsychotics. 

 Perphenazine disposition is primarily infl uenced by CYP2D6 and CYP1A2 [ 66 ]. 
This agent serves as an interesting example as one of the early antipsychotics whose 
pharmacokinetic profi le was examined based upon CYP2D6 genetic variants. A 
single-dose pharmacokinetic study with perphenazine 6 mg in healthy volunteers 
( N  = 12, 6 EMs and 6 PMs) reported signifi cantly higher  C  max  in the PMs 
(2.4 ± 0.6 nmol/L versus 0.7 ± 0.3 nmol/L,  p  < 0.05) and AUC (18.5 ± 6.2 nmol/L-h 
versus 4.5 ± 2.5 nmol/L-h,  p  < 0.001) [ 67 ]. Median perphenazine serum concentra-
tions per dose at steady state were found to be signifi cantly higher in psychiatric 
patients who were PMs compared to EMs (0.195 nmol/L-mg versus 0.098 nmol/L-mg, 
 p  < 0.01) [ 68 ]. In another study in psychiatric patients, three groups were identifi ed 
based upon genotype: EMs without two mutant alleles, EMs with one mutant allele, 
and PMs with two mutant alleles [ 69 ]. Mean perphenazine clearance signifi cantly 
differs between the three groups (EMs without 754 ± 385 L/h, EMs with 
454 ± 279 L/h, PMs 250 ± 30 L/h,  p  < 0.01). 

 Metabolism of thioridazine to mesoridazine occurs via CYP2D6. Thioridazine is 
converted via N-demethylation and 5-sulfoxidation by CYP1A2 and CYP3A4 [ 70 ]. 
A single thioridazine 25 mg dose was given to healthy volunteers ( N  = 13 EMs and 
 N  = 6 PMs) where the mean thioridazine AUC was about 4 times greater in the PMs 
compared to the EMs (709 ± 425 nmol/L-h versus 3179 ± 420 nmol/L-h,  p  < 0.001) 
[ 71 ]. Mean mesoridazine AUC did not signifi cantly differ between the PMs and the 
EMs. Mesoridazine conversion to sulforidazine may be partly infl uenced by 
CYP2D6, and its pharmacokinetics has been described from oral and intramuscular 
administration [ 72 – 75 ]. Thioridazine, mesoridazine, and sulforidazine steady-state 
concentrations have been described in psychiatric patients ( N  = 76) with a median 
thioridazine dose of 150 mg/day for at least 15 days (median 170 days) [ 75 ]. Patients 
were genotyped for CYP2D6 and CYP2C9 status. PM patients ( N  = 5) with the 
CYP2D6 genotype *4/*4 and *6/*6 had signifi cantly higher dose-corrected plasma 
thioridazine concentrations compared to other populations with greater than 1 active 
gene ( N  = 19, *1/*4 and *1/*3) and the functional wild-type CYP2D6 *1 allele 
( N  = 47). The mean dose-corrected thioridazine concentration for the PM group was 
15.2 nmol/L-mg compared to the 1 active gene 7.2 nmol/L-mg and the functional 
CYP2D6 group 4.0 nmol/L-mg ( p  < 0.01). 

 With renewed interest in loxapine, which can be administered by inhalation, 
metabolism of loxapine has been revisited. Loxapine is converted to amoxapine (an 
antidepressant) and loxapine N-oxide via CYP3A4. Loxapine is also metabolized to 
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7-hydroxyloxapine by CYP2D6 and 8-hydroxyloxapine by CYP1A2 [ 76 ]. The 
in vitro D2 (see Sect.  7.3 ) potency of 7-hydroxyloxapine was reported to be similar 
to haloperidol or trifl uoperazine, whereas amoxapine and 8-hydroxyloxapine are 
less potent than loxapine [ 77 ]. Loxapine disposition dependent upon CYP2D6 
genetic variants remains to be determined. Loxapine is also a P-glycoprotein sub-
strate; however, the infl uence of ABCB1 SNPs on its disposition has not been evalu-
ated [ 78 ]. 

 Haloperidol has a complex metabolic profi le with the involvement of multiple 
CYP enzymes shown in Fig.  7.1 . Haloperidol is converted to a reduced haloperidol 
metabolite by the reductase enzyme and is partially converted by about 25 % back 
to haloperidol by CYP2D6 [ 19 ,  49 ]. Haloperidol is metabolized by CYP2D6, 
CYP1A2, and CYP3A4 to two metabolites. Therefore, the CYP2D6 polymorphism 
can infl uence two potential metabolic pathways. An early study in healthy volun-
teers phenotyped for CYP2D6 with debrisoquine reported the mean haloperidol 
elimination half-life to be signifi cantly longer in PMs than EMs (29.4 ± 4.2 h versus 
16.3 ± 6.4 h,  p  < 0.01) and slower clearance (1.16 ± 0.36 L/h versus 2.49 ± 1.31 L/h, 
 p  < 0.05) [ 79 ]. In a separate study, the metabolic ratio of dextromorphan to dextror-
phan, a marker of CYP2D6 activity, was reported to signifi cantly correlate with 
steady-state haloperidol concentrations [ 80 ]. Mutated CYP2D6 alleles have been 
identifi ed that result in a lack of enzyme activity. These include CYP2D6*3, 
CYP2D6*4, CYP2D6*5, CYP2D6*6, and CYP2D6*10 [ 81 ]. The *10 allele is pres-
ent in about 50 % of Asians and the *3 and *4 alleles are rarely identifi ed. However, 
the relationship between haloperidol plasma concentrations in Japanese patients 
and CYP2D6*10 allele has been inconsistent [ 81 ,  82 ]. In Caucasian patients, halo-
peridol was reported to have a dose-dependent inhibitory effect on CYP2D6 and 
infl uence steady-state haloperidol plasma concentrations which is suggested to 
enhance potential drug interactions with other drugs that undergo CYP2D6 metabo-
lism [ 83 ].

   Risperidone and 9-hydroxyrisperidone concentration/dose (C/D) ratios were 
compared in patients genotyped with CYP2D6*1*1 (reference) versus patients with 
the CYP2D6*3, CYP2D6*4, CYP2D6*5, or CYP2D6*6 alleles [ 84 ]. After oral 
risperidone administration, the mean C/D ratios of risperidone, 9- hydroxyrisperidone, 
and risperidone + 9-hydroxyrisperidone were signifi cantly greater in patients with-
out the functional reference alleles (e.g., mean C/D risperidone 1.15 ± 2.10 ng/mL/
mg/day versus 8.18 ± 4.73 ng/mL/mg/day,  p  < 0.01). A similar fi nding was found 
with patients treated with the risperidone LAI (mean C/D 0.12 ± 0.03 ng/mL/mg/
day versus 0.86 ± 0.71,  p  < 0.01). A later study investigated CYP2D6 IM patients 
genotyped into three subgroups treated with risperidone [ 85 ]. Patients with the non-
functional allele (def) or reduced-function allele (red) had signifi cantly higher 
median risperidone serum concentrations that were 4.5- and 3.4-fold higher, respec-
tively, than patients with the functional allele ( p  < 0.01). CYP2D6 was found to be 
the only enzyme that correlated with risperidone dose or plasma concentrations, 
whereas CYP2C9, CYP3A4, and ABCB1 status did not correlate [ 48 ,  86 ]. 

 Aripiprazole metabolism to dehydroaripiprazole (OPC-14857) occurs via 
CYP3A4 and CYP2D6 with the metabolite having an equal pharmacologic activity 
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to the parent drug [ 87 ]. Healthy Japanese volunteers were genotyped by CYP2D6 
status as EMs ( N  = 9), IMs ( N  = 9), and PMs ( N  = 2). Then, a pharmacokinetic study 
conducted with a single 6 mg dose and then 3 mg/day for 14 days [ 88 ]. The mean 
pharmacokinetic parameters in the IMs and PMs groups did not signifi cantly differ 
from the Caucasian EMs population shown in Table  7.1 . Among the Japanese 
groups, the mean aripiprazole clearance was signifi cantly greater in the EMs versus 
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IMs and PMs (4142 ± 553 mL/h versus 2451 ± 631 mL/h and 2983 mL/h,  p  < 0.01) 
in the single-dose study. The mean elimination half-life for the EMs was signifi -
cantly shorter than the IMs and PMs (45.8 ± 8.6 h versus 75.6 ± 16.3 h, 65.8 h; 
 p  < 0.05). The mean aripiprazole elimination half-life reported in Japanese PMs 
patients resembles the general population presented in Table  7.1 . The 3 mg/day dose 
given for 14 days was associated with a signifi cantly higher mean AUC obtained 
over 24 h for total drug concentration (aripiprazole + OPC-14857) in PMs compared 
to EMs (731.5 ± 397.0 ng • h/mL versus 977.2 ± 396.6 ng • h/mL,  p  < 0.01). Steady- 
state aripiprazole and dehydroaripiprazole plasma concentrations and CYP2D6*10 
allele status were compared in Japanese patients with schizophrenia [ 89 ]. Patients 
were genotyped into three groups: zero, one, and two *10 alleles. The C/D ratios of 
aripiprazole were signifi cantly higher ( p  < 0.001) in patients with the two *10 alleles 
compared to patients with the one or zero *10 alleles (19.0 ± 6.8 ng/mL/mg versus 
12.7 ± 4.4 ng/mL/mg and 9.0 ± 2.9 ng/mL/mg, respectively). Similar results were 
reported for the dehydroaripiprazole and total drug concentrations. A further analy-
sis of CYP3A5 genotype and the ABCB1 genotype revealed an unlikely impact on 
of polymorphism in those genes on aripiprazole plasma concentrations in the 
Japanese patients [ 90 ]. 

 Olanzapine disposition was shown to not be impacted by CYP2D6 polymor-
phism in a previous study; its metabolism occurs via CYP1A2, CYP1A expres-
sion regulator AHR, UGT, and FMO systems [ 63 ]. Caffeine is used as a 
phenotypic tool for CYP1A2 metabolism. A signifi cant correlation was not 
found between olanzapine clearance and caffeine clearance ( r  = 0.19,  p  = 0.56) 
when compared in healthy volunteers who were CYP2D6 PMs and EMs [ 91 ]. 
However, a later study reported that olanzapine clearance was signifi cantly cor-
related ( p  < 0.05) to caffeine and its metabolite ratios measured in plasma 
( r  = 0.701), two saliva time points of 6 ( r  = 0.644) and 10 (0.701) hours, and two 
urinary time points of 8 ( r  = 0.745) and 24 ( r  = 0.701) hours [ 92 ]. Application of 
phenotype and genotype information was suggested to be used in optimizing 
olanzapine dosage in patients with schizophrenia [ 93 ]. CYP1A2 metabolism 
occurs with clozapine (see Table  7.1 ), and clearance was reported to be signifi -
cantly correlated with caffeine N1 and N7 demethylation ( r  = 0.89 and  r  = 0.85, 
respectively;  p  < 0.005) indicating that the CYP1A2 enzyme has a signifi cant 
role in clozapine disposition [ 94 ].  

7.2.7.2     Population Pharmacokinetics 

 The application of population pharmacokinetic (Pop PK) analysis has been used for 
antipsychotic medications in patient applications and drug development. The prin-
ciples of Pop PK have been described in Chap.   4    . An early study using a Pop PK 
regression-pharmacokinetic-statistical model was conducted with haloperidol in 
patients with schizophrenia. It was reported that haloperidol clearance was infl u-
enced by the covariates carbamazepine and smoking with only a variability of 36 % 
in the population left unexplained [ 95 ]. A subsequent analysis in Japanese patients 
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reported that antiepileptics (e.g., carbamazepine, phenobarbital, phenytoin) signifi -
cantly infl uenced haloperidol clearance [ 96 ]. An additional fi nding was that age 
(persons > 55 years) also affected haloperidol clearance, but concurrent administra-
tion of CYP2D6 substrates (e.g., thioridazine) did not. Risperidone and 
9- hydroxyrisperidone (9-OH-R) metabolite plasma concentrations were analyzed 
by Pop PK methodology with data collected from the CATIE clinical trial, which 
was conducted in patients with schizophrenia [ 97 ]. Risperidone and 9-OH-R plasma 
concentrations, representing risperidone dosage adjustments, could be predicted 
with Pop PK with observed and predicted parent and metabolite plasma concentra-
tions being highly correlated ( r  = 0.96,  p  < 0.0001 and  r  = 0.92,  p  < 0.0001, 
respectively). 

 Covariates were found to have signifi cant effects on olanzapine plasma concen-
trations using the Pop PK mixed-effects regression model which included smoking, 
carbamazepine, and lamotrigine [ 98 ]. Using a one-compartment model with fi rst- 
order absorption, the apparent clearance of aripiprazole was found to be signifi -
cantly impacted by CYP2D6 status as IM metabolizers had about 60 % lower drug 
clearance than EM [ 99 ]. CYP2D6 status did not affect dehydroaripiprazole clear-
ance. However, CYP2D6 PMs were not included in this study as it may have been 
diffi cult to identify a signifi cant number of patients expressing this phenotype. From 
a routine therapeutic drug monitoring (TDM) program with clozapine, a Pop PK 
analysis was conducted examining clozapine and desmethylclozapine plasma con-
centrations [ 100 ]. A one-compartment model with fi rst-order absorption and elimi-
nation best described the data and reported that smoking and gender (males) had 
signifi cantly lower clozapine and desmethylclozapine plasma concentrations. Based 
upon the series of studies in patients treated in the clinical setting, Pop PK has 
revealed a variety of covariates that can signifi cantly infl uence antipsychotic clear-
ance and highlighted possible applications to patient care such as dose adjustments 
based on plasma concentration predictions. 

 Risperidone and 9-OH-R plasma concentrations from bipolar patients during 
drug development were analyzed by the Pop PK approach [ 101 ]. A two- compartment 
disposition model was used from the single-dose trials. A depot compartment model 
from the risperidone dose via a zero-order process with the fi nal amount of drug 
absorbed split into two models that accounts for risperidone and 9-OH-R concentra-
tions. Patients were also taking other mood stabilizer medications, and other covari-
ates (e.g., age, weight, CYP2D6 status – PM, IM, EM) were included in the analysis. 
Carbamazepine was reported to signifi cantly infl uence both risperidone and 9-OH-R 
clearance, while CYP status did not be impact overall drug clearances. 

 The development for the dosing strategies for paliperidone LAI involved the 
application of Pop PK [ 102 ]. Data was obtained from the clinical trials and pharma-
cokinetic data from the phase I, II, and III studies. A one-compartment model with 
fi rst-order elimination that included application of the “fl ip-fl op” model absorption 
rate constant (Ka) for depot agents (dual absorption zero/fi rst order) was used. The 
following covariates were reported to have signifi cant infl uence on paliperidone 
disposition – sex, body mass index (BMI), age, injection site (deltoid over gluteal 
for the fi rst two injections), and needle length. Paliperidone clearance was found to 
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be related to creatinine clearance and Vd related to BMI and sex. Further applica-
tion of Pop PK analysis of depot paliperidone was developed to make dosing and 
switching recommendations from other oral and depot antipsychotic agents. 
Treatment recommendations for missed doses of paliperidone LAI from the second 
dose on day 8 and during the monthly maintenance doses were also developed for 
clinicians. Finally, options for the dosing day variability of administration for the 
second paliperidone LAI dose on day 8 and the subsequent monthly dosing days 
were determined as ± 4 days for the second dose and ± 7 days for the monthly main-
tenance dose [ 103 ].    

7.3      Clinical Pharmacodynamics 

 Pharmacodynamic (PD) effects of antipsychotics, like many central nervous system 
drugs, are categorized into therapeutic effects and adverse side effects. The relation-
ship between these two effects can be dose and/or concentration dependent and 
pharmacologic receptor mediated. Please note that a patient can have a therapeutic 
benefi t from an antipsychotic and also experience an adverse effect but tolerated the 
medication overall. The recommended plasma concentrations for therapeutic effects 
for the different antipsychotics are listed in Table  7.1  [ 104 – 106 ]. For some agents, 
the plasma concentration range remains to be identifi ed either through clinical tri-
als, through fi xed-dose design, or from routine therapeutic drug monitoring (TDM) 
programs. Active metabolites for some agents have been incorporated with the par-
ent drug plasma concentrations (total drug concentration) in determining the sug-
gested therapeutic range. Blood samples were generally obtained at “trough” 
conditions at least 12 h post-evening dose and prior to the morning dose for oral 
agents and prior to the next scheduled administration for LAIs under steady-state 
conditions unless otherwise specifi ed. This section will only discuss agents where 
extensive studies support the suggested therapeutic range with key studies. Each 
agent will be divided into typical and atypical antipsychotics and presented in 
alphabetical order. 

 Clinical rating scales form the basis of patient evaluation for effi cacy and adverse 
side effects in neuropsychiatry. In patients with schizophrenia, the two most com-
mon rating scales for therapeutic response are the Brief Psychiatric Rating Scale 
(BPRS) and the Positive and Negative Syndrome Scale (PANSS). The BPRS was 
used in early studies prior to the 1990s and afterward; the PANSS evaluation has 
become the “gold standard” for antipsychotic drug development. A reduction of 
30–50 % for the BPRS and 20–30 % for the PANSS from baseline to an end point 
of 4–6 weeks in an acute trial has been established to defi ne therapeutic improve-
ment. To evaluate potential extrapyramidal side effects (EPS), a variety of scales are 
employed: the Abnormal Involuntary Movement Scales (AIMS), Simpson-Angus 
Scale (SAS), and the Barnes Akathisia Scale (BAS). Other adverse side effects such 
as anticholinergic effects are determined by the clinician’s assessment of the patient. 
Effi cacy and adverse side effect assessments are usually conducted at baseline and 
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weekly for 4–8 weeks with the change in baseline to the study’s end points that 
establish the drug’s profi le [ 107 ]. Clinicians have accepted the use of antipsychotic 
plasma concentrations in the overall aspects associated with patient management 
[ 108 ]. 

7.3.1     Serum or Plasma Concentration Relationships 

  Typical Antipsychotics: Fluphenazine (FPZ)     Various clinical studies have 
reported a therapeutic range for FPZ between 0.5 and 2.0 ng/mL as shown in 
Table  7.1 . Using a fi xed-dose design of 5, 10, and 20 mg per day, these clinical stud-
ies reported that patients did not display signifi cant improvement when plasma FPZ 
concentrations were below 0.2 ng/mL or greater than 2.8 ng/mL [ 109 ]. An “opti-
mal” benefi t was noted with FPZ concentrations between 0.13 and 0.70 ng/mL with 
levels greater than 2.4 ng/mL with associated less benefi t [ 110 ]. Patients with FPZ 
concentration greater than 4.2 ng/mL reported improvements but experienced sig-
nifi cantly more adverse side effects which can limit higher dose usage in patients 
[ 111 ]. A logistic regression modeling approach reported an optimal therapeutic 
benefi t-to-risk ratio with FPZ concentrations up to 2.72 ng/mL with disabling side 
effects that occurred at higher levels [ 112 ]. A higher fi xed-dose study with FPZ 10, 
20, and 30 mg per day and an optimal threshold response with FPZ plasma concen-
tration around 1.0 ng/mL was reported [ 113 ]. A modest correlation was found 
between FPZ levels and akathisia with higher drug concentrations above 2.0 ng/mL, 
but some patients tended to also show clinical improvement. A recommended FPZ 
plasma level of 0.6–0.8 ng/mL for patients sensitive to EPS and a higher a range of 
1.0–1.2 ng/mL for acute and maintenance treatment was suggested. A few patients 
might require FPZ concentrations >1.5 ng/mL for effi cacy while balancing the side 
effects. This study used FPZ doses higher than what would be used today. However, 
these results confi rm higher doses can lead to increased incidences of adverse 
effects with minimal to modest therapeutic benefi t for most patients.  

  Haloperidol (HAL)     Haloperidol has been extensively studied and continues to be 
studied in examining correlations between therapeutic response, adverse side 
effects, and plasma concentrations [ 2 ]. From the various studies from the past 20 
years, Table  7.1  reports the recommended HAL therapeutic plasma concentration 
range between 5 and 17 ng/mL.[ 4 ,  19 ,  104 ]. Like FPZ, early studies used higher 
HAL doses > 20 mg/day, and a logistic regression model analysis reported that the 
incidence of adverse effects tended to increase when plasma HAL concentration 
was beyond 20 ng/mL. A threshold analysis found that 50 % of disabling EPS 
effects occurred more frequently when HAL plasma concentration approached 
9 ng/mL and increased to 60 % at 12 ng/mL [ 114 ]. Although an “upper” therapeutic 
limit remains to be elucidated with HAL, these studies verify that higher drug doses/
plasma concentrations that exceeded a certain juncture are unlikely to produce 
added clinical benefi ts.  
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 The HAL metabolite, reduced HAL (RHAL), was examined to determine its 
potential role in therapeutic response. At RHAL plasma concentrations of about 
25 ng/mL, below this level there appears a linear relationship with HAL plasma 
levels, whereas above this concentration, a nonlinear relationship was reported 
[ 115 ]. A RHAL/HAL ratio of greater than 1.0 was suggested to be associated with 
a decreased response to HAL, but this fi nding was not confi rmed [ 116 ,  117 ]. Another 
interesting aspect is that RHAL/HAL ratios > 1.0 were associated with an increased 
incidence of EPS [ 118 ]. However, this outcome has not been observed by other 
investigators [ 19 ]. Another HAL metabolite, pyridinium, was suggested to be 
related to EPS occurrence, but the assay for this compound is unavailable from 
commercial laboratories [ 119 ]. 

  Perphenazine (PPZ)     Plasma concentrations of PPZ and its dealkylated metabolite 
did not found to signifi cantly correlate with therapeutic response, but a lower thresh-
old of 0.8 ng/mL (about 2.0 mmol/L) for improvement was suggested [ 104 ]. A pos-
sible explanation for the lack of response to plasma concentrations to clinical 
response could be due to the short study time period of 10 days. Even though drug 
concentrations would have reached steady-state conditions, the time period for this 
study is considerably shorter than the typical 4–8 weeks for antipsychotics. An early 
pilot study showed that BPRS scores improved in patients with PPZ concentrations 
greater than 1.5 ng/mL, but that EPS occurred with levels greater than 3.0 ng/mL 
[ 120 ]. A larger study reported a PPZ therapeutic range of 2–6 mmol/L with a higher 
EPS incidence when drug levels were from 4 to 6 mmol/L [ 121 ].  

  Thioridazine (TM) and Mesoridazine (MES)     TM and MES plasma concentra-
tions were measured during a 3–7-week study open-label study and a fl exible- dose 
design study with thioridazine [ 122 ]. A signifi cant correlation between TM concen-
trations and clinical response was found (0.7–2.0 mmol/L (250–1250 ng/mL)). For 
patients aged 18–40 years, it was suggested that a TM + MES total concentration of 
at least 2.0 mmol/L has been achieved as these “younger” patients may be more 
likely to tolerate potential side effects. The study also reported that higher plasma 
concentrations signifi cantly correlated with tremors and dry mouth but not with 
sedation or EPS. Schizophrenic patients who did not respond to chlorpromazine 
(500–600 ng/mL) were transitioned to TM [ 123 ]. Although the chlorpromazine 
plasma concentrations were greater than the suggested therapeutic range, adverse 
effects were not reported with patients at the upper therapeutic range of 300 ng/mL 
prior to the dosage increase. When switched to TM, plasma TM + MES was mea-
sured with signifi cant improvement in BPRS scores ( p  < 0.02) when total drug con-
centrations were from 500 to 1100 ng/mL.  

  Atypical Antipsychotics: Aripiprazole (APZ)     APZ and its dehydroaripiprazole 
(DHAPZ) metabolite plasma concentrations were measured during various TDM 
programs in patients with different psychiatric conditions that included adults, chil-
dren, and adolescents populations [ 106 ]. A threshold APZ plasma concentration of 
150 ng/mL was suggested, and only one study reported plasma levels up to 420 ng/
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mL with higher APZ doses of 30 mg/day [ 124 ]. Total drug concentrations 
(APZ + DHAPZ) were reported in some studies, but the general fi ndings showed 
that an upper level of about 300 ng/mL was found. A fi xed-dose 6-week study was 
reported in patients with schizophrenia and assessed with the PANSS scale [ 125 ]. 
Clinical response was defi ned as a PANSS score reduction by 20 % at 6 weeks. 
Mean daily APZ doses did not signifi cantly differ between responders and nonre-
sponders (15.0 ± 5.9 versus 12.9 ± 6.9,  p  = 0.203). Responders had a trend toward a 
higher mean APZ plasma concentration than nonresponders (234.4 ± 156.7 ng/mL 
versus 163.5 ± 77.2 ng/mL,  p  = 0.117) and a signifi cantly higher mean DHAPZ 
plasma concentration (101.6 ± 58.0 ng/mL versus 66.0 ± 48.4 ng/mL,  p  = 0.023). 
Since the nonresponding patients had APZ plasma concentrations at the lower sug-
gested therapeutic range, it would be interesting to determine if increasing the APZ 
dose to achieve higher plasma levels would lead to improvement. However, fi xed- 
dose designs do not allow for fl exible dosing to address this possibility.  

  Clozapine (CLZ)     Obtaining CLZ plasma concentrations has been widely accepted 
by many clinicians to assist in patient management compared to the other atypical 
agents shown in Table  7.1  [ 50 ,  104 ]. The pivotal studies were conducted in patients 
with schizophrenia and refractory schizophrenics. These studies dependably reported 
a threshold of 350 ng/mL for therapeutic response [ 125 ] with one study adding the 
N-desmethylclozapine plasma concentrations for a total drug concentration of 
450 ng/mL [ 126 ]. An upper therapeutic limit of 600–700 ng/mL was suggested since 
patients tended to benefi ts less with these higher concentrations [ 127 ,  128 ].  

  Olanzapine (OLZ)     OLZ plasma concentrations and clinical response have been 
extensively studied with a suggested therapeutic range of 20–80 ng/mL presented in 
Table  7.1 , describing the overall fi ndings from clinical trial studies to TDM pro-
grams [ 104 ]. The initial study was a fi xed-dose method with OLZ 1–10 mg/day for 
6 weeks using the BPRS scale for clinical response [ 129 ]. Only 13 % of the patients 
with OLZ plasma concentrations below 9.3 ng/mL had improved, whereas 45 % of 
the patients showed improvement with levels greater than 9.3 ng/mL. This study did 
demonstrate a possible lower threshold of clinical response with modest OLZ doses. 
A large fi xed-dose study with OLZ 10 mg, 20 mg, and 40 mg per day reported a 
wide interpatient variability in OLZ plasma concentrations (mean 19.7 ± 11.4  ng/
mL – 10 mg, mean 37.9 ± 22.8 ng/mL – 20 mg, mean 74.5 ± 43.7 ng/mL – 40 mg/
day) which did not show any signifi cant correlations with clinical response using the 
PANSS scale [ 130 ]. However, in studies from the routine TDM programs combined 
with the fi xed-dose studies, the OLZ therapeutic range of 20–80 ng/mL was recom-
mended [ 131 ,  132 ]. A review article examined a dose-response relationship for OLZ 
and reported that 10–15 mg/day achieves optimal therapeutic response and higher 
doses can be considered if plasma concentrations were less than 20 ng/mL [ 133 ].  

  Quetiapine (QTP)     Various TDM studies have measured QTP plasma concentra-
tions in psychiatric patients presented in Table  7.1  [ 94 ]. A lower threshold of QTP 
plasma level of 77 ng/mL was reported using the Clinical Global Impression (CGI). 
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Another study reported signifi cantly higher EPS effects in female patients when 
median QTP plasma concentrations were greater than 210 ng/mL [ 11 ]. A 2-year 
study with hospitalized patients defi ned a 40 % improvement in the BPRS scores as 
a responder, and 57 % of that patient population had QTP serum concentrations 
between 70 and 170 ng/mL [ 134 ,  135 ]. Correlations between serum concentrations 
and EPS, sedation, weight gain, and cardiovascular effects were not found.  

  Paliperidone (PAL) and Risperidone (RIS)     RIS is metabolized to 
9- hydroxyrisperidone (9-OHRIS) which has been developed as an antipsychotic 
agent – PAL. Clinical response and plasma or serum concentration studies with RIS 
have combined RIS + 9-OHRIS together as a total drug concentration. As these two 
agents are so similar, grouping the two drugs into one category is appropriate. From 
a TDM program using the CGI scores for clinical response, it was reported that the 
recommended therapeutic concentration range for RIS (total concentration) and PAL 
was 20–52 ng/mL and 20–60 ng/mL, respectively [ 106 ]. These plasma concentration 
ranges can apply to the oral and LAIs formulation of both products [ 136 ]. Although 
some studies failed to demonstrate a signifi cant relationship between plasma concen-
trations and clinical response [ 137 ], the AGNP-TDM consensus panel has recom-
mended these two plasma concentration ranges for PAL and RIS [ 104 ].  

  Ziprasidone (ZIP)     A pilot study with ZIP monotherapy (mean dose 
123.1 ± 30.4 mg/day) for 8 weeks showed that plasma ZIP levels from 20 to 160 ng/
mL (Mean 75.8 ng/mL) had signifi cant clinical improvement with noted benefi t 
with negative symptoms [ 138 ]. In a large analysis of ZIP plasma concentrations 
with patients with schizophrenia, schizoaffective, and affective disorders, clinical 
improvement measured by the CGI scale reported that concentrations between 50 
and 130 ng/mL were found [ 139 ]. The range can be applied to either serum or 
plasma interchangeably. Correlations with adverse side effects were not found with 
plasma ZIP concentrations.    

7.4     Central Nervous System (CNS) and Peripheral 
Effect Relationships 

 Antipsychotics exert their pharmacodynamic therapeutic actions and adverse effects 
in the CNS and periphery by binding to the various receptors. The recommended 
therapeutic plasma concentrations for antipsychotics provide a basis for CNS and 
peripheral pharmacologic activity. For antipsychotics to bind to CNS receptors, 
adequate drug concentrations are needed, as lower CSF concentrations are generally 
found compared to the plasma or serum concentrations (see Sect.  7.2.4 ). However, 
a strong correlation exists between antipsychotic plasma or serum and CSF concen-
trations [ 140 ]. Patients can have plasma drug concentrations within the therapeutic 
range and also possibly experience tolerable or intolerable adverse effects. When 
plasma drug concentrations reach the upper therapeutic range and beyond, adverse 
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effects predominate which diminishes any therapeutic benefi ts. High drug concen-
trations in the periphery also contribute toward pharmacologic receptor activity 
potentially leading to clinical adverse effects. Pharmacokinetic variables (e.g., CYP 
metabolism) and drug transporters contribute to the wide interpatient variability in 
plasma concentrations that must be taken into consideration when interpreting anti-
psychotic actions. The pharmacologic profi le of the antipsychotics is presented in 
Table  7.2  with the interpretation of each agent based upon in vitro published data 
[ 141 – 145 ]. Receptor occupancy at the dopamine receptor subtype 2 (D2) is related 
to therapeutic effects and extrapyramidal side effects (EPS). Serotonin receptor 

    Table 7.2    Summary of the antipsychotics receptor pharmacology and pharmacodynamics 
[ 140 – 145 ]   

 Drug  D2  5HT2A  M  H1 
 Alpha 
−1 

 PET D2 receptor 
@65–85 % 

  Reference compound  
 Spiperone  ++++  –  –  –  –  – 
 Ketanserin  –  ++++  –  –  –  – 
 3-Quinuclidinyl-4- 
iodobenzilate (QNB) 

 –  –  ++++  –  –  – 

 Pyrilamine  –  –  –  ++++  –  – 
 Prazosin  –  –  –  –  ++++  – 
  First-generation typical antipsychotics  
 Chlorpromazine  +++  ++  ++  +++  +++  100 mg [ 146 ] 
 Fluphenazine  ++++  ++  +  ++  ++  N.R. 
 Haloperidol  +++  ++  ±  +  +  4 mg [ 146 ] 
 Loxapine  +++  ++  +  ++  ++  10–50 mg [ 147 ] 
 Mesoridazine  +++  +++  +  +++  ++  N.R. 
 Perphenazine  ++++  +++  ±  +++  ++  4 mg [ 146 ] 
 Thioridazine  +++  +++  ++  ++  +++  100 mg [ 146 ] 
  Second-generation atypical antipsychotics  
 Aripiprazole  ++++  +++  ±  ++  +  10–30 mg [ 104 ] 
 Asenapine  +++  +++  ±  ++  +++  See text 
 Clozapine  +  ++++  +++  ++++  ++  300 mg [ 146 ] 
 Iloperidone  +++  ++++  ±  ++  ++++  N.R. 
 Lurasidone  +++  +++  ±  ±  +  40–80 mg [ 148 ] 
 Olanzapine  ++  +++  ++  ++++  +  12 mg [ 133 ] 
 Paliperidone  +++  +++  ±  +++  ++  6–9 mg [ 147 ] 
 Quetiapine  +  ++  ±  ++  ++  300–600 mg (XR) 

[ 134 ] See text 
 Risperidone  +++  ++++  ±  +++  +++  3–6 mg [ 149 ,  150 ] 
 Ziprasidone  +++  ++++  ±  ++  +  120 mg [ 157 ] 

  ± negligible, + low, ++ moderate, +++ moderate high, ++++ high, reference compound,  D2  dopa-
mine receptor subtype 2,  5HT2A  serotonergic receptor subtype 2A,  M  muscarinic receptor,  H1  
histamine receptor subtype 1,  Alpha-1  alpha adrenergic receptor subtype 1,  PET D2 Receptor @ 
65–85 %  positron emission tomography dopamine receptor subtype 2 at 65–85 % occupancy,  XR  
extended-release product,  N.R.  not reported  
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subtype 2A (5HT2A) has several possible actions that include improvement in neg-
ative symptoms, mitigation of EPS, and improvement in depression and anxiety. 
Histamine receptor subtype 1 (H1) activity can be related to sedation and weight 
gain [ 151 ]. A therapeutic benefi t of alpha-1 adrenergic receptor subtype 1 has not 
been identifi ed, but postural hypotension, dizziness, and refl ex tachycardia are 
related.

7.4.1        Positron Emission Tomography (PET) Studies 

 PET technology has been incorporated into CNS drug discovery and development 
for various agents beyond antipsychotics [ 151 ]. However, PET applications can be 
limited due to small sample sizes, studies in healthy volunteers versus patients with 
the medical conditions, drug dose, and expense. A basic question to refl ect upon is 
“Is receptor occupancy data useful in dosing guidelines and is that the right ques-
tion?” [ 152 ]. Antipsychotic pharmacodynamics utilizing PET technology have 
examined three main brain regions – putamen, striatum, and caudate, which have 
focused mainly on D2 receptor occupancy and its effects in balancing therapeutic 
effi cacy and EPS effects. The mathematical models of PET applications are pre-
sented in Chap.   3    – that typically follows a hyperbolic relationship between receptor 
occupancy and plasma drug concentrations shown in Fig.  7.2 .

   PET studies with antipsychotics originated over 25 years ago, and it is widely 
accepted that blockade of central D2 receptors is related to antipsychotic effi cacy in 
the positive symptoms of schizophrenia (e.g., hallucinations). Although 5HT2A or 
other serotonin receptors have been studied, this chapter will examine only the D2 
receptor actions with the antipsychotics. Initial work with typical antipsychotics 
and clozapine reported that therapeutic doses given to patients that had D2 receptor 
occupancy ranged between 65 and 85 % [ 146 ]. This range has been used for subse-
quent PET studies with antipsychotic drugs where about 65 % receptor occupancy 
achieves the minimal threshold for effi cacy and above 85 % occupancy associated 
with adverse effects. A review article of PET studies reported that mean D2 receptor 
occupancy was signifi cantly higher in patients with EPS (77 ± 9 % versus 63 ± 17 %, 
 p  = 0.011). Using a reduction in total PANSS or BPRS scores by 25 % defi ned as 
effi cacy, a strong trend was found in patients with improvement when a mean 
threshold D2 receptor occupancy of 66 % was achieved (66 ± 14 % versus 58 ± 19 %, 
 p  = 0.054) [ 153 ]. This section will present the fi ndings from various PET studies and 
the antipsychotic drug doses or plasma concentrations that reach the D2 receptor 
occupancy within this range (see Table  7.2 ). Presently, PET applications with ilo-
peridone have not yet been reported, and only a few older typical antipsychotics 
have been studied. 

 The D2 receptor occupancy for typical antipsychotic loxapine in patients with 
schizophrenia ( N  = 10) was reported. Loxapine doses were between 10 and 50 mg/
day for eight patients, while the other patients had higher doses of 75 mg/day and 
100 mg/day [ 154 ]. The D2 receptor occupancy of about 65 % was achieved in one 
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patient at 10 mg (out of four patients) and up to 85 % at 20–50 mg/day. The other 
two patients had D2 receptor occupancy at 90 % without any reported adverse side 
effects. Aripiprazole 10 mg/day and 30 mg/day achieved a mean D2 receptor occu-
pancy of 85 % and 91 %, respectively [ 104 ]. During asenapine’s early development, 
a 100 μg dose given to three healthy subjects reported a very low D2 receptor occu-
pancy of 12–23 % but demonstrated that this agent did possess dopamine receptor 
activity [ 147 ]. Lurasidone 40 mg and 80 mg given to healthy subjects ( N  = 20) 
achieved mean D2 receptor occupancies of 66.7 ± 3.2 % and 75.3 ± 13.0 %, respec-
tively. Lurasidone doses at 20 mg/day and below had mean D2 receptor occupancy 
at 50 % or less [ 148 ]. A threshold for olanzapine that reached 65 % D2 receptor 
occupancy was reported with a dose of about 12 mg/day. An OLZ mean plasma 
concentration of 22.7 ng/mL had a mean D2 receptor occupancy of 50 % [ 133 ]. 
Risperidone 6 mg/day was given to patients with schizophrenia ( N  = 8) that produced 
a mean total drug concentration of 34.8 ng/mL (range 27.4–42.6 ng/mL) and a mean 
D2 receptor occupancy of 82 % (range 79–85 %). Doses > 6 mg/day were suggested 
to lead to an increased incidence of EPS [ 149 ]. A subsequent study in patients also 
reported similar fi ndings with risperidone doses 2–6 mg/day. Patients with the high-
est D2 receptor occupancy of > 80 % ( N  = 9) had mild EPS [ 150 ]. The pivotal clinical 
risperidone trial ( N  = 388) used daily doses of 2 mg, 6 mg, 10 mg, and 16 mg versus 
haloperidol 20 mg [ 155 ]. The EPS incidence for risperidone 2 mg (7.9 %) and 6 mg 
(10.9 %) was below or equal to the placebo group with a slightly higher frequency 
for the 12 mg dose (12.3 % versus 10.6 % placebo). The EPS occurrence for risperi-
done 16 mg and haloperidol 20 mg was 25.0 % and 25.8 %, respectively, which was 
signifi cantly greater than the placebo group ( p  < 0.05). Paliperidone doses of 6–9 mg 
in patients ( N  = 13) had a reported D2 receptor occupancy of 70–80 % [ 156 ]. 

 Quetiapine studies have reported interesting results, that is, the 300–600 mg 
doses of the extended-release formulation achieves the recommended therapeutic 
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concentrations [ 104 ], but have a low D2 receptor occupancy of <15 % [ 133 ]. 
Signifi cant differences were found when samples were obtained within several 
hours of drug administration versus at trough times. Quetiapine sampling time may 
be the key variable with its elimination half-life and different D2 receptor-binding 
affi nity [ 157 ]. A fi xed-dose study with ziprasidone 40, 80, 120, and 160 mg/day in 
patients ( N  = 16) showed that the mean D2 receptor occupancy was 56 % (S.D. = 
18 %), the mean plasma concentration was 53.4 ng/mL (S.D. = 16.0), and the opti-
mal effective dose was 120 mg/day [ 158 ]. Each of these studies reported a hyper-
bolic relationship between the recommended therapeutic drug concentration ranges 
and D2 receptor occupancy except for clozapine and haloperidol [ 159 ]. Clozapine 
exhibited wide interpatient variability, and as a result, individual patient monitoring 
is the only accurate method for patient assessment. Haloperidol displayed a very 
sharp hyperbolic curve with a therapeutic range of 5–17 ng/mL for D2 receptor 
occupancy. LAIs agents and D2 receptor occupancy had similar results to their oral 
agents when taken at the end of their dosing interval 28 days, except for risperidone 
LAI obtained at 14 days [ 158 ]. Whether or not sustained D2 receptor occupancy is 
required for maintaining therapeutic benefi t has not been verifi ed and continues to 
be evaluated [ 160 ].  

7.4.2     Pharmacogenetic Relationships to Therapeutic or 
Adverse Effects 

 Several review articles have been recently published examining the various pharma-
cogenetic aspects with antipsychotics [ 161 – 163 ]. Most of these pharmacogenetic 
studies have included risperidone, olanzapine, and clozapine that analyze both effi -
cacy and adverse effects. The CYP2D6 metabolizer phenotype has signifi cant dos-
ing implications for aripiprazole, iloperidone, and risperidone [ 162 ]. Various 
pharmacogenetic variants have been identifi ed including dopamine D3 receptor 
polymorphisms, the TagIA1 allele of the DRD2 gene, serotonin 5HT2C-759C/T 
polymorphism, and the leptin gene variant 2548-G/A (possible weight gain) [ 161 , 
 162 ]. Other genetic biomarkers may be indentifi ed with further research. This sec-
tion presents a selected review of the atypical agents. Few studies have been con-
ducted with the typical agents. For example, the incidence of EPS was reported with 
HAL, which is partially related to CYP2D6 genotype and HAL metabolism, while 
another study reported an association between EPS and the SLC6A3 VNTR and 
COMT Val158Met polymorphisms [ 164 ,  165 ]. 

  Clozapine (CLZ)     Clozapine metabolism is infl uenced by several CYPs (see 
Table  7.1 ). However, CYP1A2-163C > A polymorphism *1F/*1F was found to be 
associated with seizures in patients [ 166 ]. A dose-dependent relationship between 
seizures and clozapine has been established [ 50 ]; however, CLZ doses ≥ 650 mg/
day was found not to be signifi cant ( p  = 0.723) [ 166 ]. Elevated serum clozapine 
concentrations above 750 ng/mL were reported to have an increased risk of seizures 
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with an odds ratio of 5.15 ( p  = 0.03) [ 167 ]. Case reports of CLZ-induced seizures 
due to high CLZ plasma concentrations have been reported [ 50 ]. An upper threshold 
for CLZ has been questioned as there are very few studies with antipsychotics at 
their higher doses to determine safety and tolerability [ 167 ,  168 ]. CLZ-induced 
agranulocytosis in Ashkenazi Jews was associated with the haplotype HLA-B38, 
HLA-DR4, and HLA-DQ3 [ 163 ].  

  Olanzapine (OLZ)     Although some adverse effects of OLZ were reported to be 
related to CYP2C9, TPMT1, UGT1A1, MDR1, and 5HT2A polymorphisms, the 
increased risk of adverse effects with these genetic factors remains to be estab-
lished [ 169 ].  

  Risperidone (RIS)     RIS disposition has been correlated with CYP2D6 status but 
not CYP3A5 and ABCB1 genotypes [ 170 ]. While some trends were between with 
increased adverse effects in CYP2D6 PMs status, the therapeutic outcomes were 
reported not to be signifi cant and routine genotyping not recommended [ 171 ]. 
Higher total PANSS scores were found in patients who were MDR1 3435C > T car-
riers and CYP2D6 PMs status [ 172 ], thereby suggesting that more than one geno-
type can be involved with RIS pharmacodynamics. A large number of other 
genotypes have been reported to be associated with an increased RIS adverse effect 
profi le which include 5HT2A, 5HT2C, 5HT6, DRD2, DRD3, BDNF, and NR1/2 
(coding for the pregnane X receptor). However, evidence supporting routine screen-
ing for these genotypes in clinical practice is presently insuffi cient [ 86 ,  173 ].  

7.4.2.1     QT/QTc Interval Pharmacodynamics 

 Several antipsychotics have been associated with QTc prolongation, and this assess-
ment has become a required element for the pharmaceutical industry during anti-
psychotic drug development. The FDA cites a QTc interval greater than 500 ms as 
a clinically signifi cant parameter. Increased QTc prolongation is associated with the 
risk of torsades de pointes and possibly linked to elevated plasma antipsychotic 
concentrations [ 174 ]. Case reports of torsades de pointes are published with intrave-
nous haloperidol [ 175 ,  176 ]. The patient package insert for thioridazine and 
mesoridazine includes a “black box” warning for QTc prolongation. Thioridazine 
and QTc effects were compared with other antipsychotics (ziprasidone, risperidone, 
olanzapine, quetiapine, and haloperidol) where thioridazine exhibited the largest 
mean increase from baseline of 28 ms. Ziprasidone produced a modest QTc effect 
with a mean increase of 20.3 ms, followed by quetiapine at 14.5 ms. Concurrent use 
of CYP inhibitors ketoconazole and paroxetine added to the antipsychotics pro-
duced similar results on QTc prolongation [ 177 ]. Loxapine was recently reported 
not to produce QTc prolongation with the inhalation product [ 178 ]. 

 QTc prolongation with iloperidone was compared to quetiapine and ziprasidone 
with and without concomitant CYP2D6 and CYP3A4 inhibitors [ 179 ]. Iloperidone 
caused a mean increase in the QTc interval of 8.5 ms which was similar to  ziprasidone 
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(9.6 ms) and higher than quetiapine (1.6 ms). Addition of CYP inhibitors did not 
lead to further QTc prolongation, and no subjects had QTc intervals ≥ 500 ms. The 
QTc interval change was assessed in healthy volunteers who were genotyped as 
CYP2D6 PMs, and EMs were given a single 10 mg HAL dose [ 180 ]. Although 
haloperidol clearance and elimination half-life were signifi cantly reduced in PMs 
versus EMs, these differences did not translate to marked QTc changes. The ABCB1 
C3435T genotype CT and TT alleles were reported to be possibly involved with 
QTc prolongation and not CYP2D6 alleles with risperidone [ 181 ]. Investigations of 
potential pharmacogenetic sources for antipsychotic-induced QTc prolongation are 
at an early stage of investigations.   

7.4.3     Other Pharmacodynamic Effects 

 Antipsychotics produce prolactin (PRL) elevations that can be possibly associated 
with sexual dysfunction and hyperprolactemia (HPRL); these effects have been 
linked to D2 receptor antipsychotic actions at the anterior pituitary [ 141 – 144 ]. The 
highest HPRL rates have been reported with risperidone and paliperidone. The 
newer agents asenapine and iloperidone are comparable to clozapine. Lurasidone 
PRL elevation is similar to olanzapine. PRL profi les in children and adolescents 
receiving antipsychotics are comparable to those observed in adults. Clinicians need 
to match patient symptoms with PRL elevations and monitor PRL levels based upon 
individual patient response [ 182 ]. Thioridazine still remains the only antipsychotic 
drug that has a clear dose limit of 800 mg/day due to the pigment retinopathy 
described since 1960 in four patients treated with 2 g for 30–50 days [ 183 ]. A dose- 
dependent and time-dependent relationship was described, as long-term treatment 
with doses > 800 mg became the most important factors leading to retinopathy 
[ 184 ]. Whereas case reports of retinopathy also occurred at lower thioridazine 
doses, thus, clinicians are advised to have patients undergo annual eye evaluations 
with the slit-lamp procedure especially if the patient is also taking another antipsy-
chotic like chlorpromazine [ 185 ,  186 ].  

7.4.4     Integrating Pharmacokinetics (PK) 
and Pharmacodynamics (PD) of Antipsychotics 

 The kinetics of pharmacologic response has been described over 30 years ago 
examining the mathematical approaches to the dose-effect relationship using the 
direct and indirect link. Modeling PK with different PD models used the fi xed 
effects, linear, and log-linear regression analyses [ 187 ]. The advent of population 
pharmacokinetics provided a foundational mathematical tactic to incorporate both 
PK and PD aspects from routine clinical data in patient care [ 188 ,  189 ]. The next 
step in utilizing population PK studies from clinical data examined the effects of 
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different covariates such as sex, body weight, laboratory assessments, and comedi-
cations on plasma antipsychotic concentrations [ 95 – 101 ]. Subsequent additional 
factors were included to expand the overall PK-PD model. For example, smoking is 
a major factor among psychiatric patients that can also effect plasma concentrations 
of some antipsychotics [ 190 ]. Pharmacogenetic information was added and found 
to be a signifi cant variable for antipsychotics metabolized by CYP2D6 [ 191 ]. 
Antipsychotic serum or plasma concentrations shown in Table  7.1  were added to the 
PK-PD models to examine the recommended therapeutic ranges [ 192 ]. 

 The population pharmacokinetic approach has been extended to incorporate 
patient clinical response data. Patients with schizophrenia participating in clinical 
trials during drug development were assessed with the Positive and Negative 
Syndrome Scale (PANSS) that included 1436 patients from 16 trials from 1989 to 
2009 [ 193 ]. Using different models, the Weibull model and the indirect response 
model adequately described the PANSS data. The following covariates were found 
to be important predictors for the placebo effect: disease condition, geographic 
regions, and drug administration route. Study duration and trial phase were reported 
to be predictors for the high dropout rates. Antipsychotic response with PANSS data 
(positive, negative, and general subscales) was evaluated among fi ve different anti-
psychotics using the PK-PD method that incorporated the log-linear Emax model 
for maximum drug effect. Improvement (defi ned as 30 % decrease in PANSS score) 
occurred with antipsychotics when D2 receptor occupancy was greater than 65 % 
[ 194 ]. PK-PD modeling of EPS with seven different antipsychotics using the 
Markov elements reported that agents with greater than an 80 % D2 receptor occu-
pancy were likely to experience these adverse side effects [ 194 ]. 

 Interestingly, when assimilating plasma antipsychotic concentrations to D2 
receptor occupancy and clinical response, the steady-state effective concentration 
(Effective Css) for the antipsychotics was discovered to be below the recommended 
therapeutic plasma concentrations except for ziprasidone (63.1 ng/mL) shown in 
Table  7.1  [ 104 ,  195 ]. For example, the Effective Css for haloperidol was 2.7 ng/mL, 
and the recommended oral dose was 5.6 mg/day [ 196 ]. Despite the implementation 
of these sophisticated PK-PD models, the lack of “fi t” between antipsychotic plasma 
concentrations and D2 receptor occupancy refl ects upon the complex nature of anti-
psychotic drugs and various psychiatric disorders. The absence of association 
between these two variables leads to an apparent discrepancy. However, current 
limitations in science and technology may be the most likely reasons as PET utiliza-
tion to determine clinical effi cacy may not be a suffi cient quantitative biomarker 
when dealing with complex psychiatric diseases such as schizophrenia [ 152 ].   

7.5     Conclusions and Future Directions 

 Antipsychotics are foundational therapeutic agents to treat various psychiatric dis-
orders where psychotic symptoms occur. Drug development for antipsychotics has 
grown to include PK and PD applications. Antipsychotic pharmacokinetics can be 
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determined using various analytical assay methods that accurately measure minute 
drug quantities in plasma or serum samples. Routine TDM programs for antipsy-
chotics have been implemented successfully in European countries but have found 
limited applications in other countries due to their wide interpatient variability in 
PK and PD. Pharmacogenetic fi ndings partially account for the interpatient vari-
ability. Data analysis combining PK and PD models has been developed to identify 
the many diverse factors that impact antipsychotic pharmacotherapeutics. Although 
specifi c quantitative biomarkers for complex psychiatric diseases remain to be 
ascertained, technology continues to progress, with the goal of maximizing antipsy-
chotic therapy. Antipsychotic drug development has incorporated PK and PD strate-
gies to enhance patient care, minimize adverse side effects, and optimize research 
and developmental costs.     
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    Chapter 8   
 Mood Stabilizers                     

       Edoardo     Spina       and     Domenico     Italiano    

    Abstract     Mood stabilizers have been used to primarily treat bipolar and 
 schizoaffective disorders. However, these agents are also employed as adjunctive 
treatments for schizophrenia, depression, and other psychiatric illnesses. Lithium 
has been a mainstay of therapy for bipolar disorders for over 50 years. Lithium’s 
pharmacokinetic profi le is well known as this agent is primarily excreted from the 
body by the kidney, which is about 20 % of the glomerular fi ltration rate. The anti-
epileptic agents evolved as mood stabilizers; however, the regulatory agencies have 
only approved the following agents – carbamazepine, valproic acid, and lamotrig-
ine. Other antiepileptics have been used “off-label.” Carbamazepine undergoes 
autoinduction for the fi rst month of therapy and is a well-known hepatic CYP 
enzyme inducer. Valproic acid metabolism mainly takes place via glucuronide con-
jugation by the UGT and mitochondrial β-oxidation. CYP metabolism accounts for 
10 % of valproic acid metabolism primarily by CYP2C9. Lamotrigine is also largely 
metabolized by glucuronidation to three main metabolites. A small amount of auto-
induction of 17 % was found to occur with lamotrigine serum concentrations that 
were determined to be clinically insignifi cant. Therapeutic plasma or serum concen-
trations have been established for lithium, carbamazepine, and valproic acid, while 
a threshold of 3.0 μg/mL for lamotrigine was recommended. Incidence of lamotrig-
ine toxicity signifi cantly increased with >15 μg/mL. Mood stabilizers have complex 
pharmacodynamic profi les that involve various receptors, ion channels, and second-
ary messenger systems. Lithium adverse events due to intoxication are linked to 
toxic plasma concentrations and decreased renal function. Carbamazepine plasma 
concentrations >14 μg/mL are associated with a variety of adverse effects with 
symptom severity increasing with rising drug concentrations that include coma and 
death. Valproic acid has a wider therapeutic range, and hyperammonemic encepha-
lopathy correlations with serum concentrations are poor. Lamotrigine skin rashes 
are associated with large initial doses, rapid dose escalation, and concurrent val-
proic acid usage.  
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8.1       Introduction 

 Mood stabilizers are therapeutic agents used for the treatment of bipolar disorder, a 
recurrent, chronic, and disabling illness that is characterized by periods of depres-
sion and mania. A mood stabilizer can be defi ned as a drug that has “effi cacy in the 
treatment of acute manic and depressive episodes” and is also “effective in the pre-
vention of recurrences” [ 1 ]. 

 Since the early 1950s, lithium has been the gold standard for the acute and pro-
phylactic treatment of bipolar disorder. However, lithium therapy is associated with 
a number of limitations such as high percentage of nonresponders (~40 %), lower 
effi cacy in depression than in mania, and adverse effects due to its narrow therapeu-
tic range. Given these limitations, in recent years other medications, in particular 
some antiepileptic drugs, have broadened the armamentarium of potentially effec-
tive options for the overall management of bipolar disorder [ 2 ]. Although most anti-
epileptics have been investigated for their mood-stabilizing properties, only valproic 
acid, carbamazepine, and lamotrigine have documented clinical effi cacy and gained 
FDA and EMA approval [ 3 ]. 

 This chapter focuses on the clinical pharmacokinetics and pharmacodynamics of 
lithium and the antiepileptics carbamazepine, valproic acid, and lamotrigine which 
are indicated for the treatment of one or more phases of bipolar disorder. Other 
medications including antipsychotics and antidepressants, which may be used for 
the management of one or more phases of bipolar disorder [ 4 ], are discussed in 
other chapters of the book.  

8.2     Lithium 

8.2.1     Introduction 

 Lithium has been used for over half a century for the treatment of bipolar disorder 
as the prototypical mood stabilizer and has a wealth of empirical evidence and clini-
cal experience supporting its effi cacy in this role. Numerous studies report that 
lithium is effective in the treatment of acute mania and for long-term maintenance 
and prophylaxis [ 5 ]. For maintenance therapy, lithium is more effective in prevent-
ing episodes of the manic/hypomanic type than in preventing depressive episodes. 
Lithium is also frequently used in acute bipolar depression, but its effi cacy as mono-
therapy for acute bipolar depression is still controversial. However, lithium pos-
sesses unique anti-suicidal properties that set it apart from other medications used 
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for the treatment of bipolar disorder [ 6 ]. Despite this, the specifi c mechanisms by 
which lithium exerts its mood-stabilizing effects remain elusive. Lithium is a poten-
tially toxic drug and has a narrow therapeutic range. Adverse effects are believed to 
be a direct consequence of the distribution of lithium to compartments in which it 
concentrates such as the brain, kidney, or thyroid [ 7 ]. Lithium dosage needs to be 
individualized, primarily by the use of serum/plasma lithium concentrations. 
Knowledge of the clinical pharmacokinetics and pharmacodynamics of lithium is a 
prerequisite for safe and effective prescription of this drug.  

8.2.2     Clinical Pharmacokinetics 

 Lithium, a naturally occurring ion, is administered as a salt in the form of lithium 
carbonate, lithium citrate, lithium chloride, or lithium sulfate. Lithium is available 
in both standard- and slow-release preparations. Sustained-release formulations 
have been proposed as a means of diminishing post-dose variation in serum concen-
trations and associated adverse effects. The pharmacokinetics of lithium have been 
investigated by a number of studies in healthy volunteers and using carbonate salts 
administered in both standard-release and sustained-release dosage formulations 
[ 8 – 12 ]. Mean pharmacokinetic parameters of lithium are summarized in Table  8.1 .

8.2.2.1       Absorption 

 Water-soluble salts, such as chloride and sulfate, are rapidly and almost completely 
absorbed from the upper gastrointestinal tract, while the less soluble carbonate salt is 
absorbed more slowly. Gastrointestinal absorption of lithium carbonate tablets or cap-
sules appears to be virtually complete (95–100 %). The absorption of sustained- 
release lithium products is more variable and ranges from 60 to 90 %. The absorption 
half-lives were found to be 0.78 ± 0.05 h and 3.73 ± 0.37 h for standard- and sustained-
release forms of lithium carbonate, respectively [ 10 ]. After a single dose of lithium 
carbonate, peak plasma concentration is reached at 1–2 h for standard- release dosage 
forms and at 4–5 h for sustained-release forms. Concomitant ingestion of food tends 
to increase lithium absorption. Although the extent of absorption is generally not 
altered in elderly subjects, delayed gastric emptying and intestinal transit times may 
increase the risk of gastrointestinal adverse effects in this patient population.  

8.2.2.2     Distribution 

 Lithium is not bound to plasma proteins. Although the volume of distribution of 
lithium is approximately equal to that of body water (0.7–1.0 L/kg), lithium concen-
trations in various intra-compartmental spaces equilibrate very slowly with the 
extracellular fl uid volume. Distribution of lithium across the blood–brain barrier is 
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slow, and peak concentration in the brain is reached about 24 h after ingestion. Brain 
lithium concentrations, evaluated by using  7 Li magnetic resonance spectroscopy, 
were found to be approximately half those in serum, occasionally increasing to 
75–80 % [ 13 ]. As lithium distributes to erythrocytes, it was occasionally suggested 
that lithium concentrations in red blood cells may more closely refl ect brain concen-
trations and therefore be more predictive of lithium neurotoxicity, than serum con-
centrations [ 14 ]. However, the clinical relevance of measurement of red blood cell 
lithium concentrations appears to be poorly substantiated [ 15 ].  

8.2.2.3     Elimination 

 Lithium is not metabolized and is almost completely excreted (>95 %) via the kid-
ney as a free cation. Negligible amounts (less than 5 % the administered dose) are 
lost through feces, saliva, and sweat. Similarly to sodium, lithium is able to freely 
cross the glomerular membrane. Eighty percent of lithium is reabsorbed by passive 
diffusion in the proximal tubules. A small proportion is reabsorbed more distally via 
the epithelial sodium channel. The renal tubular reabsorption of lithium is very 
closely linked with sodium reabsorption and is infl uenced by changes in the renal 
clearance of sodium. Lithium clearance varies from 0.6 to 2.4 L/h with high interin-
dividual variability and is closely associated with creatinine clearance, averaging 
about 20 % of glomerular fi ltration rate. The plasma half-life of lithium is 18–24 h 
in subjects with normal renal function.  

8.2.2.4     Factors Affecting Lithium Pharmacokinetics 

 Excessive sweating, vomiting, diarrhea, inadequate fl uid intake, and low sodium 
diet are potential causes of dehydration that may lead to compensatory increases in 
lithium reabsorption in the proximal tubule with subsequent decreased lithium clear-
ance. Concomitant administration of other medications including thiazide diuretics, 
nonsteroidal anti-infl ammatory drugs, and angiotensin-converting enzyme inhibi-
tors may decrease lithium elimination potentially leading to toxic effects [ 16 ,  17 ]. 

 With increasing age, a reduction in lithium clearance occurs in association with 
a decrease in creatinine clearance [ 18 ]. Thus, elderly patients usually require lower 
lithium dosages to achieve a target serum lithium concentration. 

 During the last months of pregnancy, lithium clearance increases by 30–50 %, in 
association with the progressive increase in plasma volume and glomerular fi ltration 
rate [ 19 ]. Therefore, lithium dose needs to be increased to maintain therapeutic 
lithium levels. 

 Lithium clearance is decreased in patients with abnormal renal function, and, 
therefore, the risk of lithium intoxication is considerably increased [ 12 ]. The use of 
lithium is contraindicated in cases of severe renal insuffi ciency, while in patients 
with mild or moderate reduction in renal function, dosages must be adapted accord-
ingly to prevent lithium toxicity.   
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8.2.3     Clinical Pharmacodynamics 

 Lithium has been shown to exert a variety of pharmacological actions [ 20 ,  21 ]. 
However, the precise mechanisms by which lithium achieves its therapeutic benefi ts 
are not yet fully understood. This is partly related to the complex, underlying patho-
physiology of bipolar disorder, involving many interacting neurotransmitters and 
neuronal circuits within the brain [ 2 ]. Moreover, many studies investigating the 
potential mechanism of action of lithium were performed at the preclinical level, 
in vitro or in vivo, by using concentrations of lithium much higher than those that 
are used therapeutically. Therefore, many fi ndings from these investigations cannot 
be easily translated for application in human studies, especially as appropriate ani-
mal models of bipolar disorder have not yet been established. 

 Research into the mechanisms of action of lithium has been conducted at multiple 
levels, ranging from macroscopic changes in brain structure to microscopic altera-
tions at the cellular, intracellular, and molecular levels [ 20 ]. Macroscopically, lithium 
can alter brain structure. In particular, it appears to preserve or increase the volume 
of certain brain regions primarily implicated in bipolar disorder such as the prefron-
tal cortex, hippocampus, and amygdala, possibly refl ecting its neuroprotective 
effects. At the neuronal level, lithium acts both pre- and postsynaptically to modulate 
neurotransmission. In particular, lithium modulates neuronal function by decreasing 
excitatory neurotransmission through glutamate and dopamine and increasing inhib-
itory neurotransmission via gamma-aminobutyric acid (GABA). At the intracellular 
and molecular levels, lithium alters the second messenger systems that operate within 
neurons such as the adenyl cyclase (AC) and cyclic adenosine monophosphate 
(cAMP) system, the phosphoinositide cycle (“inositol depletion hypothesis”), pro-
tein kinase C (PKC), myristoylated alanine-rich C-kinase substrate (MARCKS), and 
intracellular calcium, which ultimately alter neurotransmission and promote cellular 
viability. These processes are complex and often interrelated and involve a number 
of different proteins. As bipolar disorder is increasingly recognized as a degenerative 
disease, it has also been proposed that the neuroprotective effects of lithium may 
mediate its therapeutic actions [ 22 ]. In this regard, lithium has been shown to reduce 
the oxidative stress caused by multiple episodes of mania and depression. Further, it 
promotes neuroprotective pathways facilitating the actions of protective proteins 
such as brain-derived neurotrophic factor (BDNF) and B-cell lymphoma 2 (Bcl-2), 
and reduces apoptotic processes through inhibition of glycogen synthase kinase 3β 
(GSK3β) and autophagy. Recent experimental evidence indicates that lithium 
decreases the brain arachidonic acid cascade, another signaling pathway possibly 
involved in the pathophysiology of bipolar disorder [ 23 ]. 

8.2.3.1     Serum or Plasma Concentration Relationship 

 A number of pharmacodynamic studies have investigated the relationship between 
serum/plasma lithium concentrations and therapeutic response and adverse effects. 
Overall, there seems to be a correlation between lithium concentrations and clinical 
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effect, and therapeutic ranges for the acute and prophylactic treatment of bipolar 
disorder have been identifi ed. However, several issues may complicate the clinical 
interpretation of these studies [ 24 ]. Some factors are related to the serum lithium 
concentrations and include the timing of blood sampling relative to the last dose, the 
daily lithium dosage schedule, and the lithium formulation. In this respect, substan-
tial variations in lithium levels usually occur over a 24 h period, depending on the 
time, interval, dose, and formulation. Due to this, it is generally accepted that lith-
ium dosage should be adjusted on the basis of the concentrations in serum drawn 
(optimally) 12 h (security interval 10–14 h) after the last dose [ 8 ]. Another impor-
tant aspect that has to be considered when evaluating studies on the relationship 
between concentrations and therapeutic effect is the defi nition of response. As bipo-
lar disorder is an episodic illness, relapse rates are commonly used, particularly in 
the prophylactic treatment. On the other hand, effi cacy studies in the acute treatment 
may use measures of morbidity severity such as clinical rating scales. In patients 
with bipolar disorder, the most common rating scales for therapeutic response are 
the Young Mania Rating Scale (YMRS) or the Bech–Rafaelsen Mania Rating Scale 
(BRMS). Depressive symptoms are usually evaluated by the Hamilton Rating 
Scale for Depression (HRSD) or the Montgomery–Åsberg Depression Rating 
Scale (MADRS). 

 Early effi cacy trials of lithium in the treatment of acute manic episodes found 
that most patients had an increased chance of responding at serum lithium concen-
trations above 0.8 mmol/L, although individual patients responded at lower concen-
trations [ 25 ,  26 ]. A study specifi cally designed to evaluate the relationship between 
lithium dose/concentration and treatment response in acute mania found an increas-
ing response as lithium concentrations increased from 0.8 to 2 mmol/L [ 25 ]. Prien 
et al. [ 26 ] documented that manic patients required lithium concentrations between 
0.9 and 1.4 mmol/L. Conversely, Takahashi et al. [ 27 ] reported that there was no 
signifi cant correlation between serum lithium concentration and the degree of 
improvement in 80 Japanese patients with acute mania. There have been no studies 
that have specifi cally evaluated the relationship between serum lithium concentra-
tions and clinical response in the treatment of bipolar depression. 

 The optimal serum lithium concentration for preventing mania and depression in 
maintenance treatment is far from well established. Typically, it has been consid-
ered that lithium concentrations should be maintained between 0.6 and 1.0 mmol/L 
[ 28 ], but some authors still favor 0.8–1.2 mmol/L [ 29 ]. After examining potentially 
relevant parameters for the prophylactic antidepressant effi cacy of lithium in recent 
randomized controlled trials, Severus et al. [ 30 ] concluded that lithium effi cacy 
against manic relapse/recurrence appears rather robust at plasma concentrations 
between 0.8 and 1.2 mmol/L but may be more modest against depressive relapse/
recurrence and dependent on whether a response during the preceding acute episode 
was achieved by lithium treatment. Concentrations below 0.6 mmol/L have been 
shown in controlled trials to be less effective in preventing relapses [ 31 ]. A system-
atic review of controlled studies, reporting on the long-term treatment of mood dis-
orders in bipolar patients who were assigned to specifi c target lithium concentration 
ranges [ 32 ], concluded that 0.4 mmol/L is the minimum effi cacious serum lithium 
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concentration and that optimal response is achieved at serum concentrations 
between 0.6 and 0.75 mmol/L. Higher concentrations may be useful for patients 
with predominantly manic symptoms but are associated with increased incidence of 
adverse events and decreased adherence. 

 In conclusion, plasma lithium concentrations should be optimized to the indi-
vidual symptom and tolerability profi le of patients. Bipolar patients likely to develop 
depressive episodes may benefi t from prophylactic levels of 0.4–0.8 mmol/L, 
whereas in those more likely to develop mania, levels of 0.6–1.0 mmol/L may be 
more effective [ 33 – 35 ].  

8.2.3.2     CNS Effect Relationship 

 After demonstration of the feasibility of  7 Li magnetic resonance spectroscopy 
(MRS) to measure human brain tissue lithium concentrations in vivo, some studies 
have characterized the brain pharmacokinetics of lithium in patients with bipolar 
disorder [ 13 ]. Preliminary investigations have examined the possible relationship 
between brain lithium levels and therapeutic response, with suggestions that lithium 
brain levels may be of clinical signifi cance [ 36 ,  37 ]. In a study of 14 patients with 
bipolar disorder, Kato et al. [ 36 ] found that improvement in manic symptoms cor-
related with brain lithium concentrations ( r  = 0.65,  p  < 0.05), but not with serum 
lithium concentrations ( r  = 0.33). On the other hand, Sachs et al. [ 37 ] did not fi nd a 
correlation between lithium brain levels and outcomes for 25 patients with bipolar 
disorder during maintenance treatment. Because the relationship between lithium 
brain concentrations and response has only been investigated in small patient sam-
ples, more comprehensive studies are needed to evaluate the potential clinical rele-
vance of these techniques.  

8.2.3.3     Adverse Events Relationships 

 Lithium is associated with both acute and chronic adverse effects that can limit 
tolerability [ 5 ]. Most are determined by treatment dose and duration and patient 
characteristics, but some are idiosyncratic. Common acute adverse effects of lith-
ium include nausea, vomiting, diarrhea, fi ne hand tremor, fatigue, headache, poly-
dipsia, and polyuria. These adverse effects are usually transient and are often 
associated rapid increases in plasma lithium concentration and, therefore, can also 
occur when the dose of lithium is raised. However, serious adverse effects can 
develop with long-term treatment, including hypothyroidism, renal insuffi ciency, 
diabetes insipidus, and changes in cardiac function and cognition. These chronic 
adverse effects are relatively uncommon and usually occur after many years of 
treatment with lithium. 

 Lithium toxicity may arise as a consequence of an accidental or intentional 
intake of excessive amounts of lithium or may be due to accumulative high levels 
during ongoing chronic therapy [ 21 ]. The most common symptoms and signs of 

E. Spina and D. Italiano



185

acute toxicity are gastrointestinal (nausea, vomiting, and diarrhea), neurological 
(tremor, ataxia, dysarthria, nystagmus, confusion, seizures, and coma), renal (poly-
uria and renal failure), and cardiovascular (ECG changes in the form of prolonged 
QT interval and T-wave inversion, conduction disturbances, and arrhythmias). 
These manifestations of toxicity occur when the serum concentration exceeds 
1.5 mmol/L [ 38 ]. Serum levels of more than 2.5 mmol/L could be fatal, and such 
individuals should therefore be promptly treated immediately after stopping lithium 
treatment [ 39 ,  40 ]. The symptoms of lithium intoxication vary according to concen-
trations: with 1.5–2 mmol/L, gastrointestinal complaints and tremor; with 
2–2.5 mmol/L, confusion and somnolence; and with >2.5 mmol/L, seizures and 
death. Chronic toxicity usually develops when renal function decreases, resulting in 
lithium accumulation. Symptoms may even occur in patients with lithium concen-
trations within the therapeutic range [ 38 ,  41 ]. Chronic intoxication primarily pres-
ents as neurotoxicity, but toxic effects may also involve the kidney, heart, and gut. 
The gradual accumulation of lithium within the brain is accentuated by the fact that 
the half-life of lithium is longer in neural tissue than in plasma [ 38 ,  41 ]. Furthermore, 
lithium excretion via the kidneys has an upper limit, and once this is reached lithium 
accumulation becomes rapid [ 12 ].  

8.2.3.4     Integrating Clinical Pharmacokinetics and Pharmacodynamics: 
Dosing Regimen 

 As lithium has a relatively narrow therapeutic index, monitoring of serum/
plasma lithium concentrations is the basis for optimal use and dosing of lithium. 
This requires achieving a balance between therapeutic benefi ts and adverse 
effects. Patients are usually initiated on low, divided doses of lithium, which are 
then adjusted until the desired concentration is reached. In this respect, different 
dosing methods, mainly based on pharmacokinetic principles, have been 
described, and a direct proportionality between the renal clearance of lithium 
and the dosage required to reach a certain serum lithium concentration is well 
established [ 7 ]. It is generally recommended to prescribe lithium in a two- or 
three-times daily regimen. Such multiple daily schedules are thought to be 
advantageous in maintaining more constant plasma lithium concentrations than 
single daily regimens, which are associated with signifi cant fl uctuations 
throughout the day, possibly resulting in adverse effects or breakthrough symp-
toms. However, single daily or alternate daily schedules have been recently sug-
gested as useful options for lithium administration [ 42 ]. With regard to this, in 
clinical practice, no signifi cant differences have been demonstrated in adverse 
effect profi le or control of manic symptoms between either dosing regimen [ 43 ]. 
Moreover, a single daily regimen may have additional potential benefi ts in terms 
of increasing compliance and reducing the risk of long-term renal damage. The 
administration of lithium every alternate day as opposed to a daily single dose 
has been reported to reduce the risk of adverse effects while increasing the 
relapse rate [ 44 ,  45 ].   
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8.2.4     Conclusions and Future Directions 

 Although the pharmacological treatment of bipolar disorder has evolved rapidly 
during the last decade, lithium is still a suitable fi rst-line treatment option in the 
management of this condition. Monitoring of serum/plasma lithium concentrations, 
in association with clinical judgment, still represents the best guide for dosage indi-
vidualization and for safe and effective prescription of this drug. The optimum lith-
ium serum concentrations for the treatment of bipolar disorder and those associated 
with the risk of toxicity and relapse are shown in Fig.  8.1  [ 46 ]. With the advances in 
pharmacogenomics and in understanding the mechanism of action, a further devel-
opment of personalized lithium therapy will presumably be reached.

Lithiumeter

Acute
toxicity

Chronic
toxicity

Relapse/
recurrence

RisksIndications

Initiation
0.6-0.8
mmol/L

Mania
0.6-1.0 mmol/L

Depression
0.4-0.8 mmol/L

Maintenance

1.4 mmol/L

1.3 mmol/L

1.2 mmol/L

1.1 mmol/L

1.0 mmol/L

0.9 mmol/L

0.8 mmol/L

0.7 mmol/L

0.6 mmol/L

0.5 mmol/L

0.4 mmol/L

  Fig. 8.1    The optimum lithium serum concentrations for the treatment of bipolar disorder and 
those associated with the risk of toxicity and relapse (From Mahli and Berk [ 46 ], with 
permission)       
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8.3         Antiepileptics 

8.3.1     Introduction 

 In addition to the treatment of epilepsy, antiepileptics are extensively prescribed for 
the management of a variety of nonepileptic neurological conditions, such as neuro-
pathic pain, migraine, and essential tremor, and psychiatric disorders, such as bipo-
lar disorder and anxiety [ 3 ,  47 ]. This presumably refl ects their complex mechanism 
of action involving a wide range of pharmacological effects on different neurotrans-
mitter systems and ion channels. 

 Antiepileptics began to be studied as mood stabilizers in the late 1970s when a 
logical parallel was drawn between affective and seizure disorders, based on the 
theory that mania may “kindle” further episodes of mania [ 48 ]. Since the fi rst com-
pounds tested, namely, carbamazepine and valproic acid, proved effective in treat-
ing the manic phase of bipolar disorder, it was hypothesized that any anticonvulsant 
would be a mood stabilizer, especially for mania. 

 Three antiepileptic agents, namely, carbamazepine, valproic acid, and lamotrig-
ine, are currently approved for the treatment of various aspects of bipolar disorder in 
most countries [ 49 ]. Large-scale, randomized, double-blind, well-controlled studies 
have documented that carbamazepine and valproic acid are highly effective in the 
treatment of acute mania [ 48 ,  50 ]. On the other hand, neither carbamazepine nor 
valproic acid has robust evidence supporting their effi cacy in the treatment of acute 
bipolar depression. Valproic acid and, to a lesser extent, carbamazepine appear to be 
effective in the prophylactic treatment of many bipolar patients, including those 
refractory or intolerant to lithium. Lamotrigine is approved for maintenance treat-
ment of bipolar I disorder [ 51 ,  52 ]. Differently from valproic acid and carbamaze-
pine which are predominantly antimanics, lamotrigine is most effective for preventing 
the recurrent depressive episodes of bipolar disorder. The effectiveness of lamotrig-
ine in the acute treatment of mood episodes has not been established. In recent years, 
several other antiepileptic drugs, including gabapentin, topiramate oxcarbazepine, 
levetiracetam, tiagabine, or zonisamide, have been investigated for their potential 
mood-stabilizing properties with diverging or inconclusive results [ 53 ].  

8.3.2     Clinical Pharmacokinetics 

 Pharmacokinetic parameters of carbamazepine, valproic acid, and lamotrigine are 
summarized in Table  8.1 . 

8.3.2.1     Carbamazepine 

 Carbamazepine is an iminodibenzyl derivative structurally related to the tricyclic 
antidepressants. It is commercially available as immediate-release tablets, chewable 
tablets, controlled-release tablets, sustained-release formulations, suspensions, and 
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suppositories. The pharmacokinetics of carbamazepine in humans have been exten-
sively investigated [ 54 ,  55 ]. 

 Absorption of carbamazepine from the gastrointestinal tract is rather slow and 
extremely variable, probably due to its slow dissolution in the gastrointestinal fl uid 
and/or to its anticholinergic properties [ 54 ,  55 ]. Peak plasma carbamazepine con-
centrations usually occur between 4 and 8 h after administration of single oral doses 
of the immediate-release tablets but may be considerably longer depending on the 
formulation employed. Oral suspensions of carbamazepine are absorbed more rap-
idly and produce higher peak concentrations than tablets. Conversely, sustained- 
release formulations are absorbed more slowly than immediate-release tablets and 
produce more stable serum drug concentrations during the dosage interval. Food 
has not been shown to signifi cantly affect the gastrointestinal absorption of carbam-
azepine. Because of the lack of an injectable formulation, the absolute bioavailabil-
ity of carbamazepine in humans has not been determined. However, based on the 
recovery of radiolabeled carbamazepine in urine and feces after single-dose admin-
istration of  14 C-labeled carbamazepine in a gelatin capsule, the oral bioavailability 
has been estimated to range from 75 to 85 % [ 54 ,  55 ]. The bioavailability of carba-
mazepine is similar whether given as immediate-release or chewable tablets, solu-
tions, suspensions, or syrups. The bioavailability of many sustained-release 
formulations, however, is about 15–35 % lower than that of immediate-release for-
mulations, resulting in lower serum concentrations at steady state when patients are 
switched from immediate- to sustained-release dosage forms. 

 Carbamazepine is highly bound (75–80 %) to plasma proteins, including albu-
min and α 1 -acid glycoprotein. The protein binding is independent of total plasma 
concentrations over the therapeutic range but may be reduced at supratherapeutic 
levels. The binding of carbamazepine to plasma proteins shows very little interindi-
vidual variation, suggesting that there is no need to monitor free rather than total 
plasma concentrations. The plasma protein binding of the active metabolite 
carbamazepine- 10,11-epoxide is about 50 %. Carbamazepine is a neutral and lipo-
philic compound that distributes rapidly to various organs and tissues. The apparent 
volume of distribution of carbamazepine ranges between 0.8 and 2.0 L/kg in human 
adults. These values have been calculated assuming complete bioavailability of the 
drug, and the real volumes therefore might be slightly lower and less variable. Both 
carbamazepine and its epoxide metabolite readily pass into the central nervous sys-
tem (CNS), and their concentrations in cerebrospinal fl uid refl ect the free fraction of 
the drug. Transport of carbamazepine at the blood–brain barrier is presumably 
mediated by drug effl ux transporters such as P-glycoprotein (P-gp) [ 56 ,  57 ]. The 
ratio between brain and plasma concentrations has been reported to range from 0.8 
to 1.6 for carbamazepine and from 0.5 to 1.5 for carbamazepine epoxide [ 54 ]. 
Salivary concentrations of carbamazepine and carbamazepine epoxide in humans 
are similar to the unbound concentrations in plasma and have been reported to range 
from 20 to 30 % of plasma concentrations for parent drug and from 30 to 40 % for 
the metabolite. Determination of salivary carbamazepine concentrations may repre-
sent a useful and easy tool for measuring unbound drug. Carbamazepine penetrates 
the placenta extensively and rapidly and distributes to different tissues and organs of 
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the fetus homogeneously. Fetal plasma concentrations of carbamazepine, deter-
mined in the human umbilical cord, were found to range between 50 and 80 % of 
maternal levels. Carbamazepine is transferred to breast milk where its concentra-
tions of carbamazepine in breast milk have been reported to be approximately 
30–40 % of those in maternal plasma. 

 Carbamazepine is extensively metabolized in the liver, with less than 2 % of an 
oral dose excreted unchanged in urine. The major pathways of carbamazepine bio-
transformation include the epoxide–diol pathway, aromatic hydroxylation, and con-
jugation reactions [ 54 ,  55 ]. The epoxide–diol pathway is quantitatively the most 
important and results in the formation of carbamazepine-10,11-epoxide. This 
metabolite is pharmacologically active and accumulates in serum at clinically rele-
vant concentrations, contributing to both therapeutic and adverse effects. The epoxi-
dation reaction is catalyzed by CYP3A4 and, to a lesser extent, CYP2C8. The 
epoxide metabolite is subsequently hydrolyzed to an inactive diol metabolite by a 
microsomal epoxide hydrolase and then excreted in urine. An additional, but quan-
titatively less important, pathway of carbamazepine metabolism is represented by 
aromatic hydroxylation, mediated by CYP1A2 and resulting in the formation of 
four possible phenolic products, 1-, 2-, 3-, and 4-hydroxycarbamazepine. 
Conjugation reactions of carbamazepine and its metabolites are usually regarded as 
the third most important route of biotransformation and include glucuronidation and 
sulfuration. The glucuronidation reactions are catalyzed by uridine diphosphate 
glucuronosyltransferases (UGTs). The specifi c UGT isoform responsible for these 
reactions is yet unidentifi ed. 

 Carbamazepine metabolism follows fi rst-order kinetics and may vary consider-
ably across subjects, resulting in a poor correlation between dose and serum con-
centration of both parent drug and its metabolites. It is well documented that 
carbamazepine induces its own metabolism during long-term therapy (autoinduc-
tion). The autoinduction process involves the epoxide–diol pathway, and it has been 
demonstrated that both the carbamazepine epoxidation and the subsequent epoxide 
hydrolysis are induced, although the latter reaction to a lesser extent. The course of 
the autoinduction process appears to be complex, discontinuous, and prolonged 
[ 58 ]. There is evidence that it may start within 24 h of fi rst exposure to carbamaze-
pine and seems to be complete within 1–5 weeks of treatment. Autoinduction of 
carbamazepine is dose dependent, so each increase in dose will result in further 
autoinduction. Carbamazepine metabolism is also subject to heteroinduction by 
concomitant administration of enzyme-inducing antiepileptic drugs (e.g., phenyt-
oin or phenobarbital) [ 54 ,  55 ]. Like other fi rst-generation antiepileptics such as 
phenobarbital and phenytoin, carbamazepine is potent and a broad-spectrum 
inducer of several metabolic enzymes including CYPs (CYP1A2, CYP2A6, 
CYP2B6, CYP2C9, CYP2C19, and CYP3A4), UGTs, and microsomal epoxide 
hydrolase [ 59 ]. 

 After a single dose, the half-life of carbamazepine varies between 20 and 65 h, 
but after autoinduction is completed (about 20–30 days after starting treatment), 
half-lives are in the range of 5–26 h [ 54 ]. The clearance of carbamazepine appears 
to be age dependent, with higher clearance reported in younger children and lower 
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clearances reported in older patients. Carbamazepine is cleared more rapidly in the 
third trimester of pregnancy. Patients with signifi cant liver disease may have a 
decreased clearance of carbamazepine. Renal disease and dialysis do not alter the 
clearance of carbamazepine. 

 Carbamazepine is eliminated by biotransformation followed by urinary and bili-
ary excretion of the parent drug and the formed metabolites. After administration of 
a single oral dose of  14 C-labeled carbamazepine, 72 % of the radioactivity was 
excreted in the urine, and the remaining 28 % was recovered in feces [ 54 ].  

8.3.2.2    Valproic Acid 

 Valproic acid is structurally related to free fatty acids and differs from all other 
known antiepileptics. Three different chemical forms of valproic acid are com-
monly used: the free acid, the sodium salt (sodium valproate), and valproate semi-
sodium or divalproex, which is composed of equal parts of valproic acid and sodium 
valproate. Several formulations are available including a syrup, a gelatin capsule, 
uncoated tablets, enteric-coated (delayed-release) tablets, and extended- or 
sustained- release tablets. Different reviews are available on the pharmacokinetics of 
valproic acid in man [ 60 – 62 ]. 

 When administered as uncoated tablets containing the sodium salt, valproate dissoci-
ates rapidly in the stomach to the corresponding acid. Valproic acid is well absorbed 
from all the oral dosage forms. The oral bioavailability of standard formulations (includ-
ing enteric-coated and the sustained-release formulations) is almost complete. On the 
other hand, the rate of absorption is quite variable, depending on the oral formulation. 
Peak concentrations usually occur within 2–3 h for syrup, capsules, and uncoated tab-
lets, between 3 and 5 h for enteric-coated tablets, and between 5 and 10 h for sustained-
release formulations. Maximum concentrations are considerably lower with 
sustained-release formulations, which ensure a reduced fl uctuation in plasma drug con-
centration during the dosing interval. When enteric- coated tablets are used, concomitant 
intake with food may result in retention of the tablet in the stomach for up to several 
hours, with a consequent delay in drug  absorption; however, when the tablet reaches the 
intestine, dissolution of the active principle occurs rapidly and unhindered. 

 Valproic acid is highly (≥90 %) bound to plasma proteins, primarily albumin. 
Protein binding is saturable at therapeutic concentrations. Accordingly, the extent of 
binding decreases with increasing valproate concentration, resulting in an increase 
in the percent free or unbound drug. As a consequence of the high binding to plasma 
proteins, valproic acid is subject to displacement interactions with other drugs [ 59 ]. 
The apparent volume of distribution of valproic acid is relatively small and appears 
to range from 0.13 to 0.19 L/kg. Despite its hydrophilic nature, valproic acid enters 
the CNS rapidly. The processes governing the passage of the drug across the blood–
brain barrier involve both passive diffusion and a bidirectional carrier-mediated 
transport, presumably involving P-gp. The brain to plasma concentration ratios 
based on the total and unbound plasma concentration are on average around 0.1 and 
0.5, respectively, with considerable interindividual variability. The ratio between 
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the cerebrospinal fl uid concentration and the unbound concentration in plasma 
ranges between 0.6 and 1.0. Valproic acid distributes to a variety of other tissues 
such as the liver, kidney, bones, and intestines. 

 The elimination of valproic acid occurs virtually entirely by metabolism. Only a 
minor fraction of the administered dose of valproic acid is excreted unchanged in 
the urine. The biotransformation of valproic acid involves a variety of processes 
including direct glucuronide conjugation (40 %), mediated by UGT (UGT1A3, 
UGT2B7), mitochondrial β-oxidation (35 %), and minor CYP-dependent oxidation 
(10 %), mainly mediated by CYP2C9, but also CYP2A6 and CYP2B6. Valproic 
acid glucuronide and 3-oxo-valproic acid are by far the most abundant metabolites, 
representing about 40 % and 33 %, respectively, of the urinary excretion of valproic 
acid dose. Two desaturated metabolites of valproic acid, 2-ene-valproic acid and 
4-ene-valproic acid, retain anticonvulsant activity, but their serum and brain concen-
trations are probably too low to contribute signifi cantly to therapeutic activity. The 
4-ene-valproic acid metabolite has been associated with liver toxicity. As formation 
of this hepatotoxic metabolite is mediated by CYP enzymes, concomitant adminis-
tration of valproic acid with enzyme-inducing antiepileptics such as phenobarbital, 
phenytoin, and carbamazepine may increase the risk of hepatotoxicity. However, 
elevation of 4-ene-valproic acid levels has not been clearly documented in patients 
with valproic acid hepatotoxicity. Valproic acid is considered to be a broad- spectrum 
inhibitor of various drug-metabolizing enzymes as it inhibits different CYPs includ-
ing CYP2C9 and, to a lesser extent, CYP2C19 and CYP3A4; some UGTs, namely, 
UGT1A4 and UGT2B7; and epoxide hydrolase [ 59 ]. 

 The half-life of valproic acid is in the order of 9–18 h, but shorter values (5–12 h) 
are observed in patients taking enzyme-inducing comedication. The elimination is 
slower in newborns, especially those born prematurely. On the other hand, children 
eliminate the drug at a faster rate compared with adults and therefore require larger 
dosages per unit of body weight to achieve plasma drug concentrations comparable 
with those observed in adults. Although total plasma valproic acid concentrations in 
the elderly are similar to those found in the young, unbound drug concentrations are 
increased in the elderly (as a result of an age-related decrease in intrinsic metabolic 
clearance, in the presence of a reduced plasma protein binding), and, therefore, the 
possibility of a reduction in dose requirements should be contemplated in these 
patients. Alterations in the pharmacokinetics of valproic acid are also observed in 
pregnancy, with a progressive decrease in total concentration and little or no change 
in unbound concentration.  

8.3.2.3    Lamotrigine 

 Lamotrigine is a phenyltriazine chemically unrelated to other anticonvulsants. 
Lamotrigine is available as a conventional tablet and a chewable/dispersible tablet. The 
pharmacokinetic profi le of lamotrigine has been extensively reviewed [ 63 – 66 ]. 

 Lamotrigine is rapidly and completely absorbed after oral administration, with 
negligible fi rst-pass metabolism and an absolute bioavailability of ≥95 %. Peak 
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plasma concentrations are reached within 1–3 h. A second peak or plateau may occur 
after 4–6 h post dose, which is possibly due to enterohepatic recycling of the drug. 
The absorption of lamotrigine is not appreciably altered by the presence of food. 

 Lamotrigine is approximately 55 % bound to plasma proteins. Due to this rela-
tively low degree of binding to plasma proteins, clinically signifi cant interactions 
with other drugs through competition for protein binding sites are unlikely. 
Lamotrigine is uniformly and widely distributed to all tissues and organs, including 
the brain, and has an apparent volume of distribution ranging between 0.9 and 
1.5 L/kg. Transport through the blood–brain barrier is presumably mediated by 
P-gp, lamotrigine being a substrate with moderate/high affi nity [ 56 ,  57 ]. The cere-
brospinal fl uid to serum concentration ratio has been reported to be 0.43, which is 
comparable to unbound concentration of lamotrigine. Lamotrigine crosses the 
 placenta, with fetal and/or placental concentrations similar to those in maternal 
plasma. Concentrations in breast milk are 40–80 % of those in maternal blood. 

 Lamotrigine is extensively metabolized in the liver, predominantly via 
 N -glucuronidation, to inactive metabolites, mainly a 2- N -glucuronide conjugate, a 
5- N -glucuronide, and a 2- N -methyl metabolite. Glucuronidation is primarily medi-
ated by UGT1A4 but UGT1A1 and UGT2B7 also contribute. Minimal, presumably 
not clinically relevant, autoinduction of metabolism is observed, with a 17 % reduc-
tion in lamotrigine serum concentrations [ 67 ]. The mean plasma elimination half- 
life of lamotrigine in adults is 15–35 h. The apparent oral clearance of lamotrigine 
(1.6–2.6 L/h) shows great interindividual variation and is signifi cantly infl uenced by 
age and concomitant medication. Clearance is increased by 20–170 % in children 
[ 68 ], while it is reduced by about a third in the elderly [ 65 ]. The clearance of 
lamotrigine is markedly increased during the third trimester of pregnancy, with 
plasma concentrations increasing signifi cantly in the fi rst 2 postpartum weeks [ 69 ]. 
Renal impairment appears not to signifi cantly affect lamotrigine pharmacokinetics, 
although the half-life is longer in patients with renal failure. Moderate to severe 
hepatic dysfunction decreased lamotrigine clearance and increased the median 
 half- life. The elimination of lamotrigine is increased with enzyme-inducing drugs, 
such as phenobarbital, phenytoin, and carbamazepine, and is decreased with the 
inhibitor of UGT1A4 such as valproic acid [ 59 ]. Lamotrigine is neither an inhibitor 
nor an inducer of drug-metabolizing enzymes. 

 Approximatively 70 % of a single dose is recovered in the urine during the fi rst 
6 days, of which 80–90 % is in the form of the 2- N -glucuronide metabolite and the 
remainder in the form of the 5- N -glucuronide and parent drug. About 2 % of an oral 
dose is excreted in the feces.   

8.3.3     Clinical Pharmacodynamics 

 Carbamazepine, valproic acid, and lamotrigine have several pharmacological 
actions which may explain therapeutic and adverse effects [ 70 ]. Although the exact 
mechanism of action of these antiepileptics in the treatment of bipolar disorder 
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remains largely unknown, some pharmacological mechanisms are believed to be 
responsible for their clinical effi cacy including increase in GABAergic inhibitory 
neurotransmission, decrease in glutamatergic excitatory neurotransmission, block-
ade of voltage-dependent sodium or calcium channels, and interference with intra-
cellular signaling pathways (Table  8.2 ) [ 42 ]. In addition, indirect mechanisms may 
be involved, such as modulation of other neurotransmitters, including the 
monoamines.

   Carbamazepine, valproic acid, and lamotrigine differ in their effects on neuro-
transmission and ion channels which may be related to the pathophysiology of bipo-
lar disorder [ 70 ]. Carbamazepine may act by blocking the voltage-gated sodium 
channels and may also interfere with calcium and potassium channels. Valproic acid 
inhibits voltage-gated sodium channels and potentiates the inhibitory action of 
GABA, either by increasing its release, decreasing its reuptake, or slowing its meta-
bolic inactivation. Valproic acid may also interact with other ion channels, such as 
voltage-gated calcium channels, and also indirectly blocks glutamate action. As 
with carbamazepine, the mood-stabilizing effect of lamotrigine is probably related 
to the inhibition of sodium and calcium channels in presynaptic neurons and subse-
quent stabilization of neuronal membrane. In addition, lamotrigine may reduce the 
release of the excitatory neurotransmitter glutamate. 

 Interference with intracellular mediators and signaling pathways is an important 
postulated mechanism in the pathophysiology of bipolar disorder [ 71 ]. It has been 
hypothesized that mood-stabilizing agents may exert long-term benefi cial effects by 
activating intracellular signaling pathways that promote neuronal plasticity, neuro-
genesis, or cell survival [ 70 ,  72 ]. As with lithium, the mood-stabilizing action of 
valproic acid and, possibly, carbamazepine has been linked to inositol depletion. 
Lithium and valproic acid block inositol monophosphatase (IMPase), preventing 
conversion of inositol-1-phosphate (IP 1 ) to  myo -inositol. This effect is considered to 
result in stabilization of the structural integrity of neurons and enhancement of 

   Table 8.2    Biochemical targets of carbamazepine, valproic acid, and lamotrigine   

 Drug  Effect 

 Valproate  Inhibition of voltage-gated sodium channels 
 Inhibition of GABA transaminase 
 Inositol depletion 
 Inhibition of protein kinase C 
 Activation of the ERK/MAPK pathway 
 Inhibition of glycogen synthase kinase 3 
 Inhibition of histone deacetylase 
 Decreased turnover of brain arachidonic acid 

 Carbamazepine  Inhibition of voltage-gated sodium channels 
 Inhibition of adenylate cyclase 
 Inositol depletion 
 Decreased turnover of brain arachidonic acid 

 Lamotrigine  Inhibition of voltage-gated sodium and calcium channels 
 Inhibition of glycogen synthase kinase 3 
 Decreased turnover of brain arachidonic acid 
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 synaptic plasticity. Valproic acid shares with lithium other effects on downstream 
signal transduction cascades, such as inhibition of protein kinase C (PKC) and 
myristoylated alanine-rich C-kinase substrate (MARKCS). Valproic acid and 
lamotrigine also inhibit glycogen synthase kinase 3β (GSK3β), an enzyme that con-
tributes to many cellular functions including apoptosis, whereas carbamazepine 
does not. Other common effects of lithium and valproic acid are to increase the 
activity of the extracellular signal-regulated kinase (ERK) pathway, resulting in 
enhanced transcription of neurogenesis and cell survival factors, such as antiapop-
totic protein Bcl-2 and BDNF. Valproic acid may also regulate gene expression and 
transcription by acting as histone deacetylase inhibitor. Another intracellular path-
way recently involved in the mechanism of action of mood stabilizers is the brain 
arachidonic acid cascade. Chronic administration of mood stabilizers, such as lith-
ium, valproic acid, carbamazepine, and lamotrigine, has been reported to decrease 
the turnover of brain arachidonic acid [ 23 ].  

8.3.4     Relationship Between Serum or Plasma Concentrations 
and Clinical Effects 

8.3.4.1    Carbamazepine 

 Several studies have investigated the relationship between plasma carbamazepine 
concentrations and clinical effects in patients with epilepsy, and a therapeutic range 
has been estimated at 4–12 μg/mL [ 73 ]. However, both the lower and the upper limit 
of the therapeutic range are poorly defi ned. 

 A limited number of studies have assessed the relationship between plasma car-
bamazepine levels and clinical response in bipolar patients, and results have been 
somewhat controversial. Some early investigations suggested that plasma 
 carbamazepine level could be used as a predicting marker of therapeutic effect in 
patients with bipolar disorder [ 74 ]. In this respect, Ballenger and Post [ 75 ] reported 
that carbamazepine levels of 7–12 μg/mL should be recommended for use in affec-
tive disorders, while Okuma et al. [ 74 ,  76 ] found that 7 μg/mL of carbamazepine 
plasma concentration would be suffi cient to exert antimanic and prophylactic effects 
in Japanese patients. Vasudev et al. [ 77 ] reported that 3–9 μg/mL of carbamazepine 
levels with an average of 6.0 ± 2.4 μg/mL may represent the therapeutic range in 
favorable responders. By contrast, other studies documented that carbamazepine 
levels in plasma or cerebrospinal fl uid were not related to the degree of antidepres-
sant or antimanic response [ 78 ,  79 ]. Concerning the role of carbamazepine epoxide, 
it was suggested that this metabolite might contribute to overall clinical effi cacy of 
carbamazepine in bipolar patients [ 77 ]. In this respect, Petit et al. [ 80 ] reported a 
signifi cant correlation found between carbamazepine-10,11-epoxide and the clini-
cal response in affective disorders. Chbili et al. [ 81 ] have recently assessed the rela-
tionship between plasma levels of carbamazepine and its active epoxide metabolite 
and the therapeutic response in 13 patients with bipolar disease kept on a fi xed 
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individual dose of carbamazepine for 19 weeks. The psychopathologic state, evalu-
ated by the Brief Psychiatric Rating Scale (BPRS), did not correlate with the plasma 
levels of carbamazepine, whereas both mean plasma levels of carbamazepine- 
10,11-epoxide concentrations and carbamazepine-10,11-epoxide to plasma carba-
mazepine ratio were closely correlated with mean values of BPRS scores ( r  = 0.80, 
 p  < 0.01,  r  = −0.89,  p  <0.01, respectively). Optimum therapeutic response was 
observed among patients who had a plasma metabolite level of 1.4 μg/mL and a 
plasma carbamazepine concentration of 7 μg/mL simultaneously. These results sug-
gest that both plasma carbamazepine and carbamazepine-10,11-epoxide levels must 
be fi xed to achieve optimum therapeutic response. 

 The most common adverse effects of carbamazepine include diplopia, dizziness, 
headache, vomiting, sedation, and lethargy and appear to be related to the peak 
serum concentrations. Although side effects have been reported to occur over a wide 
range of carbamazepine concentrations, they are more likely to appear at concentra-
tions exceeding 10–12 μg/mL [ 73 ]. In massive CBZ poisoning, plasma concentra-
tions above 40 μg/mL have been associated with an increased risk of coma, seizures, 
respiratory failure, and cardiac conduction defects [ 82 ]. Weaver et al. [ 83 ] described 
four clinical stages of carbamazepine intoxication: (a) coma and seizures (serum 
concentrations >25 μg/mL); (b) moderate stupor, combativeness, hallucinations, 
and choreiform movements (concentrations 15–25 μg/mL); (c) drowsiness and 
ataxia (concentrations 11–15 μg/mL); and (d) mild ataxia, but otherwise normal 
neurological examination (concentrations <11 μg/mL). 

 Carbamazepine may occasionally cause cardiovascular adverse effects such as 
sinus bradycardia and varying degrees of atrioventricular conduction disturbances, 
decreased bone mineral density, and endocrinological effects such as an antidiuretic 
hormone-like effect, resulting in water retention and hyponatremia. The risk of 
hyponatremia increases with increasing carbamazepine dosages and concentrations 
and is generally more common in elderly subjects. Carbamazepine is rarely associ-
ated with potentially lethal adverse effects including agranulocytosis, aplastic 
 anemia, toxic hepatitis, and severe cutaneous rashes such as Stevens–Johnson syn-
drome and toxic epidermal necrolysis. These reactions are generally considered 
idiosyncratic and unpredictable irrespective of dosage. A strong association has 
been documented between the human leukocyte antigen  HLA–B*1502  and Stevens–
Johnson syndrome/toxic epidermal necrolysis induced by carbamazepine in Han 
Chinese [ 84 ]. FDA recognized this allele as a valid pharmacogenomic biomarker, 
and screening should be performed for patients with Asian ancestry before starting 
carbamazepine.  

8.3.4.2    Valproic Acid 

 Many studies have evaluated the correlation between plasma concentration of val-
proic acid and therapeutic/toxic response in patients with epilepsy. Concentrations 
of 50 μg/mL and higher are required for therapeutic effects, whereas concentrations 
exceeding 100 μg/mL have been associated with toxicity [ 73 ]. As a consequence, 
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therapeutic monitoring of plasma levels of valproic acid is well established in the 
treatment of epilepsy. 

 Available studies on the relationship between valproic acid concentrations and 
response in bipolar disorder produced confl icting results [ 85 ,  86 ]. A target concen-
tration range for the mood-stabilizing action of valproic acid has not yet been estab-
lished, but a concentration of at least 50 μg/mL was required in most studies. In a 
study of 65 acutely manic patients, Bowden et al. [ 87 ] found that patients with val-
proate serum concentrations between 45 and 100–125 μg/mL were much more 
likely to have effi cacious and well-tolerated responses that those with lower or 
higher levels. In another investigation involving 30 patients with manic disorder, 
Vasudev et al. [ 77 ] reported that valproic acid responders (>50 % reduction in 
YMRS) had mean levels of 67.6 ± 12.0 μg/mL, although sampling time was unclear. 
A modest but signifi cant correlation between increasing valproic acid levels and 
reductions in YMRS was evident at week 2 ( r  = 0.64,  p  < 0.05), but not maintained 
thereafter. Allen et al. [ 88 ] performed a post hoc analysis of pooled intent-to-treat 
data from three randomized, placebo-controlled studies of divalproex treatment for 
acute mania involving 374 patients to test a hypothesized linear relationship between 
serum concentration and response and to determine optimal blood levels for treat-
ment of acute mania. The results of this study suggested that the best response in 
acute mania is seen at valproate levels >94 μg/ml. In general, most of these trials 
used fi xed-dose scheduling and did not measure valproic acid concentration as an 
outcome measure. Moreover, they shared a number of methodological limitations 
including retrospective nature or open-label and uncontrolled design, unclear meth-
ods or lack of details regarding specifi c assay used, administration of the rating 
scales, and blood sampling. 

 In summary, evidence from the literature suggests that correlations between 
serum or plasma concentrations of valproic acid and effects are weak, and attempts 
to defi ne therapeutic cutoffs are presently unclear. However, even in the absence of 
a well-established correlation between plasma concentrations and clinical effects in 
patients with bipolar disorder, therapeutic monitoring of valproic acid may still 
prove useful as a measure of compliance, as a means to monitor drug interactions, 
and in special patient populations [ 85 ,  86 ]. 

 The association between plasma concentrations of valproic acid and adverse 
effects is unclear. Nausea and vomiting, lethargy, dizziness, and tremor have all 
been reported already at levels >60 μg/mL [ 77 ]. However, nausea, vomiting, and 
sedation were otherwise reported as more common in patients with levels >125 mg/L, 
but dizziness frequently fi rst reported at levels even <25 μg/mL [ 87 ]. Increased 
weight gain has occurred at levels >125 μg/mL, while reductions in white blood 
cells and platelets weakly correlated to valproic acid concentrations [ 89 ]. Although 
valproic acid is known to cause elevated serum ammonia levels and rarely induce 
hyperammonemic encephalopathy, correlations with drug concentrations are poor 
[ 90 – 93 ]. Carbamazepine is rarely associated with potentially lethal adverse effects 
such as aplastic anemia, hepatotoxicity, and pancreatitis. These reactions are unpre-
dictable irrespective of dosage and do not appear to be related to valproic acid con-
centrations, dose, or treatment duration [ 94 ,  95 ].  
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8.3.4.3    Lamotrigine 

 Studies in patients with epilepsy have documented that no clear-cut relationship 
exists between clinical response and serum lamotrigine concentrations [ 73 ,  96 ]. 
In most studies a considerable overlap in the serum concentrations of lamotrig-
ine between responders and nonresponders or between patients with or without 
adverse effects has been reported [ 96 – 98 ]. Patients treated with therapeutic 
doses have serum lamotrigine concentrations in the order of 2.5–15 μg/mL. 
Morris et al. [ 99 ] suggested that an appropriate reference range of serum con-
centrations for lamotrigine would be 3–14 μg/mL in patients with refractory 
epilepsy. 

 To the best of our knowledge, no study has so far evaluated the relationship 
between plasma concentrations of lamotrigine and therapeutic and/or toxic effects 
in the maintenance treatment of bipolar disorder. On the other hand, an open-
label, prospective study has recently investigated the possible correlation between 
plasma concentrations of lamotrigine and its therapeutic effects in 34 inpatients 
with treatment- resistant depressive disorder during an 8-week treatment of 
lamotrigine augmentation [ 100 ]. The subjects were depressed patients who had 
already shown insuffi cient response to at least three psychotropics, including anti-
depressants, mood stabilizers, and atypical antipsychotics. The diagnoses were 
major depressive disorder ( n  = 12), bipolar I disorder ( n  = 7), and bipolar II disor-
der ( n  = 15). The fi nal doses of lamotrigine were 100 mg/day for 18 subjects who 
were not taking valproate and 75 mg/day for 16 subjects taking valproate. There 
was a signifi cant linear relationship between the plasma concentrations of 
lamotrigine and percentage of depressive symptom improvements, as evaluated 
by the MADRS, at week 8 ( r  = 0.418,  p  < 0.05). The receiver operating character-
istics analysis indicated that a plasma lamotrigine concentration of 12.7 mmol/L 
or greater was signifi cantly ( p  < 0.001) predictive of response (50 % or more 
reduction in the MADRS score). The present study suggests that an early thera-
peutic response to lamotrigine is dependent on its plasma concentration and that 
a plasma lamotrigine concentration of 12.7 μmol/L (corresponding to 3 μg/mL) 
may be a threshold for a good therapeutic response in treatment-resistant depres-
sive disorder. 

 Lamotrigine is generally well tolerated. The most common side effects are 
dose dependent and include headache, nausea, insomnia, vomiting, dizziness, dip-
lopia, ataxia, and tremor. According to a retrospective survey in patients with 
epilepsy, the incidence of lamotrigine toxicity was found to increase signifi cantly 
with concentrations  > 15 μg/mL [ 99 ]. Skin rash complicates the initial treatment 
with lamotrigine. The incidence of skin rash is increased by large initial doses, 
rapid dosage titration, and concurrent use of valproic acid. As a consequence, 
rashes caused by lamotrigine can be minimized by very slow up-titration of drug 
during initiation of therapy and by avoiding or managing drug interaction with 
valproic acid. Skin rash occurs more frequently in children. Severe Stevens–
Johnson syndrome/toxic epidermal necrolysis rarely develops during lamotrigine 
treatment.   
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8.3.5     Conclusions and Future Directions 

 The pharmacokinetic properties of the three antiepileptics currently approved as 
mood stabilizers are relatively complex, and their mechanism of action in bipolar 
disorder is largely unknown. While therapeutic monitoring of plasma levels of car-
bamazepine, valproic acid, and, to a lesser extent, lamotrigine is well recognized in 
the management of epilepsy, this practice is less frequently used to optimize the 
treatment of bipolar disorder. This is partly related to the lack of a clear-cut correla-
tion between plasma concentrations of these agents and therapeutic response, as 
documented by the available studies in patients with bipolar disorder. However, 
several characteristics of these antiepileptics, such as the large interindividual phar-
macokinetic variability, the narrow therapeutic range, and the high potential for 
drug interactions, suggest that their effective use may be facilitated by application 
of therapeutic drug monitoring, as strongly recommended by recent consensus 
guidelines [ 101 ]. With the expanding role of these mood stabilizers in the manage-
ment of bipolar disorder, further investigation of the correlation between serum con-
centrations and effi cacy is warranted to maximize clinical benefi t and/or avoid 
adverse events and nonadherence.      
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    Chapter 9   
 Antidepressants                     

       Patrick     R.     Finley      ,     Jennifer     Le      , and     Kelly     C.     Lee     

    Abstract     Antidepressants have made major contributions towards the treatment of 
anxiety and mood disorders. A variety of pharmacologic classes of these agents 
emerged since the 1960s. Tricyclics and monoamine oxidase inhibitors were early 
agents developed and remain in use today. Plasma concentration monitoring for 
therapeutic effects were initiated with the tricyclic agents. However, safety concerns 
persisted with these agents and the selective serotonin reuptake inhibitors (SSRIs) 
arose. Since the introduction of the SSRIs, these agents became the foremost pre-
scribed medications for depression and anxiety disorders. The SSRIs have also 
expanded the understanding of cytochrome P450 (CYP) metabolism, drug trans-
porters, and drug-drug interaction mechanisms. Serotonin norepinephrine reuptake 
inhibitors (SNRIs) joined the SSRIs but with a dual pharmacologic mechanism of 
action. Various other pharmacologic types of antidepressants have been fostered 
such as bupropion, vilazodone, mirtazapine, and vortioxetine. Persons with poly-
morphic CYP metabolism (e.g., poor or ultrarapid metabolizers) may explain the 
occurrence of adverse events despite modest drug dosages or the lack of effi cacy 
regardless of the appropriate doses. Pharmacokinetic and pharmacodynamics stud-
ies have been conducted for all the antidepressants, exploring the potential associa-
tion of plasma concentrations with therapeutic outcomes (effi cacy and toxicity) but 
routine therapeutic drug monitoring (TDM) is only recommended for a few agents. 
There is reason to believe, however, that the incorporation of pharmacogenetic 
information with TDM practices may ultimately lead to enhanced effi cacy, reduced 
toxicity, and minimized risk for drug interactions.  
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  Keywords     Tricyclics   •   Selective serotonin reuptake inhibitors   •   Serotonin norepi-
nephrine reuptake inhibitors   •   Monoamine oxidase inhibitors   •   Miscellaneous 
agents   •   CYP metabolism   •   Serum concentrations   •   Pharmacogenomics  

9.1       Introduction 

 Antidepressants are one of the most commonly prescribed classes of medications in 
healthcare today. The major classifi cations of antidepressants include selective sero-
tonin reuptake inhibitors (SSRI), serotonin-norepinephrine reuptake inhibitors 
(SNRI), norepinephrine reuptake inhibitors (NRI), tricyclic and tetracyclic antide-
pressants (TCA), and monoamine oxidase inhibitors (MAOI). The clinical fl exibil-
ity of antidepressants offer these medications utility in effectively treating a broad 
spectrum of mental illnesses, encompassing depression, anxiety disorders, insom-
nia, obsessive-compulsive disorder, and post-traumatic stress disorder. 

 While the older classes of antidepressants have been utilized clinically for nearly 
three decades, the successful development and release of fl uoxetine in 1988 repre-
sented a seminal event, not only in the treatment of depressive illness but also in the 
age of modern pharmaceutics. Fluoxetine’s introduction was met with almost 
immediate commercial success and three other medications from this same antide-
pressant class (SSRI) were released within the next decade. New medications or 
formulations from other antidepressant classes soon hit the market as well, includ-
ing SNRI and NRI. Together, these newer antidepressant medications greatly 
expanded the pharmacological armamentarium for depression and anxiety disor-
ders, and their popularity continued to soar through the intervening years. In 2011, 
the Department of Health and Human Services reported that one in ten adults older 
than 12 years of age had received a prescription for an antidepressant within the past 
year. 

 The burgeoning popularity of antidepressants can be attributed to many fac-
tors, including extensive marketing, a growing awareness of the high prevalence 
of mood disorders, or the common perception that newer agents are better toler-
ated than older compounds. With time, we came to realize that, while these medi-
cations represent a signifi cant scientifi c breakthrough in the management of 
mental illness, they are also quite complex from a pharmacological perspective. 
They are fully capable of inducing serious toxicities and a wide variety of drug 
interactions which are often overlooked by clinicians. Given the ubiquity of 
 antidepressant prescribing, it is imperative that health professionals have an excel-
lent understanding of how these medications can be safely and effectively 
administered. 

 In this chapter, we have provided a summary of the current medical literature 
describing the pharmacokinetic and pharmacodynamic characteristics of antide-
pressants with an emphasis on the clinical relevance of their respective actions. 
While the evidence supporting routine therapeutic monitoring for these medications 
is rather limited, the pharmacokinetic disposition and pharmacological activity of 
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all antidepressants is highly relevant in consideration of drug interaction potential, 
adverse effects, withdrawal phenomenon, toxic exposures, and other therapeutic 
misadventures.  

9.2     Clinical Pharmacokinetics 

9.2.1     Selective Serotonin Reuptake Inhibitors (SSRI) 

 At the present time, there are six members of the SSRI class that have been released 
in the United States. Collectively, they have been approved and marketed for a rela-
tive broad array of indications primarily relating to depression and anxiety disor-
ders. While they all have the same basic pharmacological propensity for blocking 
the presynaptic reuptake of serotonin, they are remarkably different in regard to 
basic chemical structure and pharmacokinetic disposition. 

 Fluoxetine is formulated as a racemic mixture, with the S isomer of the parent 
compound having an affi nity for the serotonin transporter (SERT) which is 1.5 
times greater than the R isomer [ 1 ]. This difference is even greater with the stere-
oselective species of the demethylated active metabolite, where S-norfl uoxetine has 
a SERT affi nity which is 20 times greater than R-norfl uoxetine. Fluoxetine is slowly 
absorbed from the gastrointestinal (GI) tract with peak concentrations achieved 
approximately 6–8 h after oral administration of the immediate-release preparations 
and 7–10 h later with the weekly formulation [ 2 ]. The rate of absorption is delayed 
slightly (e.g., maximum concentration achieved 1–2 h later) by coadministration 
with food, which is clinically relevant as patients often are instructed to take fl uox-
etine with meals to minimize GI upset. Approximately 80 % of fl uoxetine is ulti-
mately absorbed (i.e., bioavailability) and this is not affected by food (Table  9.1 ) 
[ 30 ]. Fluoxetine, like all other SSRI, is quite lipophilic and has a large volume of 
distribution once it is absorbed. It readily crosses the blood-brain barrier where 
CNS concentrations are greater than those found in the periphery [ 31 ]. It is also 
highly protein bound with 94.5 % of the drug bound to plasma proteins in peripheral 
circulation.

   Owing to the stereoselective nature of fl uoxetine, its metabolic fate is quite com-
plex. It appears that the parent compound is metabolized primarily by the CYP2D6 
and CYP2C9 isoenzymes, and pharmacokinetic studies of the dose/concentration 
relationship indicate that this is a nonlinear process [ 32 ]. CYP2D6 isoenzymes are 
responsible for demethylating the S and R isomers, while CYP2C9 metabolizes the 
R species. Pharmacogenetic studies also reveal that concentrations vary consider-
ably with CYP2D6 phenotypes as poor metabolizers were found to have fl uoxetine 
levels that were four times greater than ultra-rapid metabolizers [ 33 ]. In spite of this, 
the Clinical Pharmacogenetics Implementation Consortium (CPIC) did not endorse 
a change in dosing recommendation based on CYP2D6 phenotypes due to the fact 
that the combination of fl uoxetine and norfl uoxetine is responsible for therapeutic 
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    Table 9.1    Pharmacokinetic parameters for antidepressants [ 3 – 6 ]   

 Drug 
 Bioavailability 
(%) a  

 Clearance 
(L/h) b  

 Volume of 
distribution 
(L/kg) 

 Half- 
life (h) 

 Active 
metabolite 

 Amitriptyline [ 7 – 9 ]  30–60  19–72  6–36  9–46  Yes 
 Amoxapine [ 10 ]  46–82  42–73 c   8–14  6–16  Yes 
 Bupropion [ 11 ,  12 ]  N/A  126–140  19  18  Yes 
 Citalopram [ 13 ]  80  23–38  14  26–36  No 
 Clomipramine [ 14 – 16 ]  36–62  23–122  9–25  15–62  Yes 
 Desipramine [ 17 ]  33–51  78–168  24–60  12–28  No 
 Desvenlafaxine  80  210  3–5  9–15  No 
 Doxepin [ 18 ]  13–45  41–61  9–33  8–25  Yes 
 Duloxetine  43–50  114  20  10–12  No 
 Escitalopram  80  36  12–26  27–33  No 
 Fluoxetine [ 19 ]  80  5–42  12–42  26–220  Yes 
 Fluvoxamine [ 13 ]  53  33–320  25  32  No 
 Imipramine [ 20 ,  21 ]  30–70  32–102  9–23  6–28  Yes 
 Ketamine  16  58  3  2.5  No 
 Levomilnacipran  92  21–29  6  12  No 
 Maprotiline [ 22 ]  70–90  17–34  16–32  27–50  No 
 Mirtazapine [ 13 ]  50   c   4.5  13–34  No 
 Nortriptyline [ 23 ,  24 ]  46–70  17–79  15–32  18–56  No 
 Paroxetine  50–64  15–92  2–12  18–21  No 
 Phenelzine   c    c    c   1.5–4.0  No 
 Selegiline transdermal  25–30  16   c   18–25  No 
 Sertraline  >44  96  >20  26  No 
 Tranylcypromine   c    c   1.1–5.7  1.5–3.5  No 
 Trazodone [ 25 ,  26 ]  70–90  7–12  1–2  3–14  No 
 Trimipramine [ 27 ]  18–63  40–105  17–48  16–40  Yes 
 Venlafaxine [ 13 ]  13–45  40–129  5  4–5  Yes 
 Vilazodone [ 28 ]  75  32.7  28  66  No 
 Vortioxetine [ 29 ]  72 (with food)  70  37  25  No 

  Adapted from Finley PR. Antidepressants (AHFS 28:16.04) 
  a Values are low due to extensive presystemic elimination 
  b Values approach or exceed hepatic blood fl ow due to an inherent artifact in calculating clearance 
from oral dose data 
  c Reliable values are not available in the literature 
 N/A = data are not available  

activity and the total concentration of these two species may not vary with gene 
status [ 34 ]. The elimination half-life for fl uoxetine is 4–6 days in multiple-dose 
studies, and the half-life of the active metabolite is 4–16 days, suggesting that 
steady-state dynamics may not be achieved for as long as 1 month in some 
subjects. 

 Pharmacokinetic drug interactions are a major concern with fl uoxetine. Both 
fl uoxetine and norfl uoxetine are potent inhibitors of CYP2D6 activity, with the 
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S-norfl uoxetine species exhibiting CYP2D6 inhibition that is fi vefold higher than 
R-norfl uoxetine [ 35 ]. Fluoxetine is also a potent inhibitor of CYP2C19 activity, and 
possibly CYP2C9, but the in vivo effects of the parent compound and metabolite on 
CYP3A4 substrates are moderate at most [ 36 ]. Fluoxetine does not appear to be a 
substrate for p-glycoprotein (Pgp), but in vitro evidence suggests that it is an inter-
mediate inhibitor of this important CNS transport protein [ 37 ]. 

 The pharmacokinetic disposition of fl uoxetine may be quite different in certain 
populations. For example, the half-life of both fl uoxetine and its active metabolite 
are prolonged substantially in patients with signifi cant liver impairment, but renal 
compromise did not appear to affect plasma concentrations [ 38 ]. Results from 
studies of elderly subjects do not suggest that there is a marked difference in 
fl uoxetine concentrations (vs younger controls), but comparisons of pharmacoki-
netic disposition in children versus adolescents indicate that the former popula-
tion has concentrations that are twofold higher, when adjusted for total body 
weight [ 2 ]. 

 Sertraline was the second SSRI released in the United States, but in comparison 
to other antidepressants, the pharmacokinetic disposition has not been well charac-
terized. It is slowly absorbed from the upper GI tract, with maximum concentra-
tions achieved between 4 and 8 h after oral administration [ 39 ,  40 ]. The 
bioavailability has been reported to be >44 %, but this value has not been con-
fi rmed or quantifi ed more precisely with comparative oral and intravenous study 
data. The absorption of sertraline appears to increase with food, as maximum con-
centrations were 25 % higher and achieved 2.5 h earlier (vs fasting controls) but 
the clinical signifi cance of this fi nding is unclear [ 41 ]. Sertraline is highly bound to 
plasma proteins (98 %) and has a large volume of distribution but the precise value 
has not been published. 

 Sertraline is metabolized primarily by the CYP2C19 enzyme and genetic poly-
morphisms have been demonstrated to have a signifi cant effect on plasma concen-
trations [ 42 ]. As a result, CPIC guidelines recommend a 50 % decrease in daily 
dose when initiating treatment in CYP2C19 poor metabolizers [ 43 ]. Sertraline 
appears to exhibit linear pharmacokinetics in daily doses up to 400 mg with an 
average terminal half-life of 26 h reported with multiple-dose regimens [ 44 ]. 
Desmethyl-sertraline is the primary product of sertraline metabolism and it has 
demonstrated an in vitro affi nity for serotonin reuptake which is only 5–10 % as 
potent as the parent compound [ 45 ]. Desmethyl-sertraline has a considerably lon-
ger half-life, however, and plasma concentrations are threefold higher than sertra-
line at steady state [ 46 ]. 

 Early in vitro studies suggested that sertraline and its primary metabolite had 
high inhibitory potential for the CYP2D6 isoenzyme [ 47 ]. Subsequent prospective 
studies with CYP2D6 substrates revealed that sertraline had minimal effects on 
plasma concentrations [ 48 ]. Research conducted more recently suggests that sertra-
line may have more signifi cant CYP2D6 inhibitory potential among extensive 
metabolizers [ 49 ]. Sertraline has demonstrated potent inhibitory properties in regard 
to Pgp activity, but pharmacokinetic studies examining this action on relevant sub-
strates have not been published at the present time [ 37 ]. 
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 Sertraline’s metabolism appears to be quite sensitive to hepatic function. In a 
study of subjects diagnosed with mild liver impairment, sertraline’s terminal half- 
life was signifi cantly prolonged (52 h vs 22 h in controls). Renal disease did not 
appear to alter sertraline’s disposition to an appreciable extent. The clearance of 
sertraline in the elderly has been reported to decrease by 40 % (vs younger subjects) 
and the corresponding half-life was determined to be 37 h (vs 22 h). No signifi cant 
differences in sertraline pharmacokinetics have been found when comparing plasma 
concentrations in pediatric subjects versus adult controls. 

 Paroxetine is slowly absorbed from the GI tract, with maximum plasma concen-
trations occurring 5–6 h after oral dosing [ 50 ]. Peak concentrations of the con-
trolled preparation range from 6 to 10 h after administration [ 50 ]. Food does not 
appear to affect the rate or extent of absorption. Paroxetine undergoes extensive 
fi rst-pass metabolism, and bioavailability estimates range from 50 % with single 
dose administration to 64 % with multiple dosing, refl ecting the partial saturability 
(or nonlinearity) of its pharmacokinetic disposition [ 51 ,  52 ]. Paroxetine is highly 
protein bound (95 %) and achieves much higher concentrations in the CNS than 
peripheral circulation. Reported values for the volume of distribution range from 2 
to 12 L/kg [ 48 ]. 

 Paroxetine is converted via the CYP2D6 system into an unstable catechol inter-
mediate before becoming methylated, most likely via catechol-O-methyltransferase 
(COMT). There is indirect evidence that CYP3A4 may also play a role in parox-
etine degradation, as carbamazepine has been shown to induce metabolism. This 
metabolic process is saturable at doses considered to be within the therapeutic 
range, resulting in a nonlinear increase in plasma concentrations with repeated or 
escalating exposures. Paroxetine metabolites are not believed to contribute 
 signifi cantly to therapeutic effects or side effects. The terminal half-life is approxi-
mately 18 h at steady state with daily doses of 20 mg and 21 h with 30 mg [ 53 ]. 
Pharmacogenetic investigations have demonstrated a strong infl uence of CYP2D6 
phenotypic variations on plasma levels, with ultra-rapid metabolizers experiencing 
very low or undetectable concentrations of paroxetine. As a result, CPIC guidelines 
recommend that clinicians avoid paroxetine in patients who have demonstrated this 
CYP2D6 phenotype. 

 Studies designed to investigate differences in paroxetine pharmacokinetics in 
special populations have been hampered by the comparatively large range in plasma 
concentrations. This is true of studies comparing elderly subjects to younger con-
trols, as well as for investigations conducted among patients with hepatic disease. 
Of note is that paroxetine’s pharmacokinetic disposition is signifi cantly affected by 
severe renal disease (creatinine clearance < 30 ml/min) where a fourfold increase in 
plasma concentrations has been reported. Mild renal disease did not appear to have 
an effect [ 50 ,  54 ]. 

 Paroxetine has demonstrated the highest in vitro affi nity for inhibiting CYP2D6 
activity among the SSRI, and this pattern has been evident in controlled investiga-
tions of CYP2D6 substrates as well [ 55 ]. This appears to be a dose-dependent 
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phenomenon, and CYP2D6 is the only enzyme in the P450 family that paroxetine 
effects. It is also, however, a potent inhibitor of Pgp activity [ 37 ]. 

 Citalopram hydrobromide is manufactured as a racemic mixture of S and R 
enantiomers, with the S moiety (escitalopram) commercially available as a separate 
formulation. Citalopram is more rapidly absorbed than other SSRI with peak con-
centrations occurring 1–4 h after administration [ 56 ]. Bioavailability has been 
reported to be 80 % in comparison to intravenous formulations, and food did not 
appear to affect the absorption process [ 57 ,  58 ]. In the peripheral circulation, 80 % 
of citalopram can be found bound to plasma proteins. 

 Citalopram is metabolized by CYP2C19 to N-desmethylcitalopram. This species 
also exists in a racemic mixture, and S-desmethylcitalopram has been demonstrated 
to have an affi nity for serotonin reuptake which is comparable to S-citalopram. 
Research characterizing the disposition of this metabolite indicates that it does not 
readily penetrate the blood-brain barrier, and CNS concentrations are low or unde-
tectable. In vitro evidence suggests that citalopram may also be a substrate for the 
CYP3A4 isoenzyme, but controlled studies examining the impact of potent CYP3A4 
inhibitors (e.g., ketoconazole) and inducers (carbamazepine) yielded confl icting 
results [ 48 ]. Subsequent demethylation of these metabolites by CYP2D6 produces 
a didesmethylcitalopram species which is believed to be responsible for QT prolon-
gation in susceptible patients. The relationship of citalopram dose to plasma con-
centration appears to be linear, and the terminal half-life has been reported to range 
from 26 to 36 h [ 56 ,  59 ]. Because CYP2C19 is the primary metabolic pathway for 
citalopram conversion, the FDA has recommended that patients who have the poor 
metabolizer phenotype should receive an initial dose of citalopram that is 50 % 
lower than normal. 

 The pharmacokinetic parameters for citalopram can differ widely among spe-
cial populations. Liver impairment has a signifi cant effect on disposition, with an 
 average half-life of 83 h reported in patients with cirrhosis (vs 37 h in controls). 
Moderate renal disease also prolonged half-life, from 37 to 49 h. Elderly subjects 
had clearance values that were approximately 30 % lower than younger 
controls. 

 Citalopram is considered to be a weak inhibitor of CYP2D6 metabolism. The 
R-desmethylcitalopram species has a more potent effect on this metabolic pathway 
than the S enantiomer [ 60 ]. Citalopram is a substrate for Pgp but has demonstrated 
only weak inhibitory effects on the transporter [ 37 ]. 

 The absorption of escitalopram is very similar to citalopram’s, with peak concen-
trations occurring 3–4 h after oral administration and bioavailability estimates of 
80 %. Absorption is not affected by the presence of food in the GI tract [ 61 ]. Plasma 
protein binding of escitalopram is considerably less than citalopram’s, averaging 
approximately 56 % [ 62 ,  63 ]. CYP2C19 is also the principle metabolic enzyme for 
escitalopram, and the dose/concentration relationship is also linear. The terminal 
half-life for escitalopram averages 27–33 h after multiple-dose administration [ 64 ]. 
Elderly subjects, as well as those suffering from liver or kidney disease, appear to 
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have prolonged terminal half-lives that are similar in magnitude to those reported 
for citalopram. 

 In vitro affi nity for CYP2D6 isoenzyme is considered weak for escitalopram, 
just as it is for the racemic parent compound. In spite of this, studies with CYP2D6 
substrates such as desipramine and metoprolol have reported that escitalopram 
increases the AUC for these medications by 100 % and 82 %, respectively [ 61 ]. An 
explanation for this discrepancy is not forthcoming. 

 Fluvoxamine was actually the fi rst SSRI introduced in Europe but it has not been 
FDA approved for depression in the United States, where the only current indication 
is obsessive-compulsive disorder. As a result, it is not widely prescribed in the 
United States. The absorption process is relatively slow but complete, with maxi-
mum concentrations reported as 2–8 h after oral doses of tablets and capsules and 
4–12 h for the enteric-coated preparation [ 65 ]. The bioavailability has been reported 
to be only 53 % due to fi rst-pass effects, and the volume of distribution estimates are 
very large (25 L/kg) [ 66 ]. Approximately 80 % of fl uvoxamine is bound to plasma 
proteins. 

 Fluvoxamine exhibits nonlinear pharmacokinetics, with a half-life of 32 h evi-
dent after continued administration of 200 mg daily doses (divided). Both CYP2D6 
and CYP1A2 are believed to be the metabolic enzymes primarily responsible for its 
degradation [ 48 ]. Substantial changes in fl uvoxamine pharmacokinetics have been 
observed in special populations. In elderly subjects, the terminal half-life was 
reported to be prolonged by 63 %, and pediatric patients exhibited a doubling of 
their AUC (vs adult controls) [ 67 ]. Liver disease has also been associated with a 
signifi cant decrease in clearance but renal disease does not appear to infl uence its 
disposition. 

 Fluvoxamine has been demonstrated to exert broad and potent inhibitory effects 
on several CYP isoenzymes. In vitro and in vivo evidence supports strong inhibition 
of CYP1A2, CYP2C9, CYP2C19, and CYP3A4 but not CYP2D6 [ 48 ]. Inhibitory 
effects on Pgp have been determined to be intermediate [ 37 ].  

9.2.2     Serotonin Norepinephrine Reuptake Inhibitors (SNRI) 

 Venlafaxine was the fi rst SNRI approved for the treatment of major depression in 
the United States, followed by duloxetine, desvenlafaxine (the active metabolite of 
venlafaxine), and levomilnacipran (the active isomer of milnacipran, a racemic 
compound approved for fi bromyalgia in the United States and depression in 
Europe). 

 Venlafaxine exists as a racemic mixture of R and S isomers but the stereoselec-
tive properties of this compound do not appear to be clinically relevant in human 
models. It is commercially available as both an immediate-release formulation (IR) 
and an extended-release product (XR), with the latter medication much more com-
monly prescribed in the clinical setting. Venlafaxine is rapidly absorbed, with peak 
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concentrations observed approximately 2 h after oral ingestion of the IR formula-
tion and 6–8 h for the XR product [ 68 ]. Food has not been documented to alter the 
absorption process. Following absorption, venlafaxine exhibits a high fi rst-pass 
effect with the majority of the medication not reaching the general circulation as the 
parent compound. Reported values for venlafaxine bioavailability range from 12.6 
to 45 % [ 69 ]. Venlafaxine distributes widely throughout the body with a volume of 
distribution of approximately 5 L/kg and only 27 % of the drug is bound to plasma 
proteins [ 70 ]. 

 Venlafaxine is rapidly metabolized by the liver to several chemical species, most 
notably through o-demethylation to form the desmethyl metabolite. This metabo-
lite, available commercially as Pristiq, is present in steady-state concentrations that 
are three times higher than the parent compound and is believed to contribute sub-
stantially to therapeutic effects [ 70 ]. The N-desmethyl metabolite is also active in 
in vitro models but in vivo effects are much less signifi cant. Venlafaxine is primarily 
metabolized via the CYP2D6 isoenzyme, and the plasma half-life of venlafaxine 
and desmethylvenlafaxine are 3.6–4.2 h and 10 h, respectively [ 70 ]. Genotypic vari-
ations in CYP2D6 status appear to infl uence the plasma half-life of venlafaxine but 
not the active metabolite, with values of 8 h reported for extensive metabolizers and 
15 h for poor metabolizers [ 68 ]. As the therapeutic effects of venlafaxine are due to 
the combination of parent compound and active metabolite, the clinical relevance of 
this fi nding is unclear. Venlafaxine appears to exhibit nonlinear pharmacokinetics 
when individual doses exceed 225 mg. 

 The pharmacokinetic disposition of venlafaxine can vary in special populations. 
For individuals with liver disease, mild to moderate impairments have resulted in 
observed half-lives that are 30–60 % longer than controls, and this effect is even 
more substantial with severe impairment [ 71 ]. Renal compromise only appears to 
be clinically relevant with end-stage disease, where a 50 % decrease in clearance 
values has been reported [ 72 ]. Metabolism is not affected to a great extent by age or 
gender [ 73 ]. Venlafaxine is only a weak substrate for Pgp transporters, but it has 
been demonstrated to induce Pgp activity in human models [ 74 ]. 

 When administered as an oral formulation, desvenlafaxine is slowly absorbed 
with a peak concentration achieved after 7–8 h [ 75 ]. Food does not appear to infl u-
ence the absorption process, and the bioavailability is approximately 80 % [ 76 ,  77 ]. 
Plasma protein binding is low (30 %) and the volume of distribution ranges from 3.4 
to 5 L/kg [ 70 ,  76 ]. The elimination of desvenlafaxine occurs primarily via gluc-
uronidation (via UDP glucuronyltransferase) and, to a lesser extent, the CYP3A4 
isoenzyme [ 70 ]. Desvenlafaxine exhibits linear pharmacokinetics and the terminal 
half-life has been reported to range from 9 to 11 h [ 75 ]. Hepatic impairment has 
only been demonstrated to have a modest effect on desvenlafaxine disposition, with 
a 35 % increase in AUC values found with severe disease [ 78 ]. The elimination of 
desvenlafaxine is much more sensitive to renal compromise as mild, moderate, and 
severe impairments have been reported to increase AUC by 42 %, 46 %, and 108 %, 
respectively [ 76 ,  79 ]. Similar declines in clearance values have been reported with 
elderly subjects in a manner consistent with anticipated declines in renal function. 
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Desvenlafaxine is considered to be a mild inhibitor of the CYP2D6 isoenzyme as 
coadministration with the substrate desipramine resulted in a 36 % increase in TCA 
concentrations [ 80 ]. Conversely, potent CYP3A4 inhibitors such as ketoconazole 
have been reported to increase desvenlafaxine’s AUC by 43 % [ 81 ]. 

 Duloxetine is slowly absorbed from the GI tract, with peak concentrations occur-
ring 6 h after oral administration, and this process is not affected substantially by 
coadministration with food [ 82 ]. The reported bioavailability for duloxetine is low, 
ranging from 43 to 50 % [ 83 ]. In the circulation, duloxetine is highly protein bound 
(>90 %) and possesses a very large volume of distribution of approximately 20 L/
kg [ 82 ,  84 ]. 

 Duloxetine is converted to inactive metabolites by both the CYP1A2 and 
CYP2D6 isoenzymes. Drug interaction studies suggest that CYP1A2 is the major 
metabolic pathway, as potent 1A2 inhibitors such as fl uvoxamine have a much 
greater impact on duloxetine concentrations than CYP2D6 inhibitors (e.g., parox-
etine) [ 83 ,  85 ]. The terminal half-life for duloxetine has been reported to range from 
10 to 12 h but it is not clear if duloxetine exhibits nonlinear metabolism as confl ict-
ing results have been published in the literature [ 83 ,  86 ]. Liver disease has been 
reported to have a profound impact on duloxetine metabolism and dosage adjust-
ments are recommended for even mild impairment. One comparative study found 
that duloxetine clearance decreased from a value of 160 L/h in controls with normal 
liver function to 24 L/h in those with moderate hepatic impairment (based on Child- 
Pugh defi nitions) and corresponding half-lives were reported to be 13 h and 48 h, 
respectively [ 87 ]. There were no signifi cant pharmacokinetic differences found in 
duloxetine disposition based on age, gender, or mild to moderate renal impairment. 
Drug interactions are an important consideration with duloxetine administration 
due to the fact that it appears to be a potent CYP2D6 inhibitor. Research with the 
CYP2D6 substrate desipramine indicates that plasma concentrations increased by 
nearly 300 % following duloxetine coadministration [ 85 ]. 

 Levomilnacipran is the more pharmacologically active isomer derived from the 
racemic compound milnacipran. The only preparation of levomilnacipran that is 
currently marketed is extended release capsules. It is slowly but completely absorbed 
from the GI tract, with peak plasma concentrations occurring 6–8 h after oral admin-
istration [ 88 ,  89 ]. Food does not signifi cantly impact the absorption process for 
levomilnacipran and bioavailability is reported to be 92 %. In the general circula-
tion, levomilnacipran is not highly protein bound (22 %) and the volume of distribu-
tion is  approximately 6 L/kg. Renal elimination has been reported to account for 
58 % of levomilnacipran clearance, but metabolic conversion occurs as well, as 
evidenced by a 60 % increase in concentrations following the introduction of the 
CYP3A4 inhibitor, ketoconazole. The terminal half-life for levomilnacipran is 
approximately 12 h in the plasma. Renal impairment appears to have a more dra-
matic effect on levomilnacipran disposition than liver disease. Individuals with 
moderate renal impairment (creatinine clearance values of 30–50 ml/min) had a 
doubling of plasma concentrations, and severe impairment (creatinine clear-
ance < 30 ml/min) resulted in levomilnacipran levels that increased threefold [PI]. 
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In contrast, only severe liver disease had an appreciable effect on disposition, increas-
ing the AUC for levomilnacipran by 32 % [ 90 ]. Levomilnacipran has demonstrated 
low affi nity for inhibiting CYP isoenzymes, and it is only a weak Pgp substrate.  

9.2.3     Norepinephrine Reuptake Inhibitors (NRI) 

 Bupropion is the only member of the NRI class that is currently available. It has 
been used extensively for the treatment of depression and smoking cessation for 
over 20 years. The original formulation (immediate release) required multiple daily 
doses (BID-TID dosing), as did the sustained release preparation (BID) which was 
released shortly thereafter. An extended-release preparation was approved in 2002 
which permits once daily administration. 

 Following oral exposure, the immediate-release formulation is rapidly absorbed 
from the GI tract, with peak plasma concentrations occurring 1.3–1.9 h afterward 
[ 91 ]. Concentrations of the SR preparation have been reported to peak at 3 h and the 
XL formulation achieves maximum levels 5 h after administration [ 92 ,  93 ]. Food 
does not appear to affect the rate or extent of absorption for any of these prepara-
tions. While researchers have concluded that bupropion undergoes fi rst-pass metab-
olism resulting in low bioavailability, they have been unable to quantify the value 
more precisely due to the fact that bupropion is not available in an intravenous 
preparation [ 91 ,  94 ]. Bupropion is highly bound to plasma proteins (85 %) and dis-
tributes widely throughout the body with a volume of distribution of 19 L/kg [ 91 , 
 94 ]. The association between dose and plasma concentrations appears to be linear 
for individual daily dosages up to 200 mg. 

 Bupropion has a complex metabolic pathway which is not completely under-
stood. The parent compound is converted to at least three metabolites which are 
believed to contribute to its pharmacological activity: hydroxybupropion and the 
amino ketones threohydrobupropion and erythrohydrobupropion [ 95 ]. 
Hydroxybupropion is approximately half as active as bupropion in animal models, 
but plasma concentrations have been reported to be 10–13 times greater than the 
parent compound at steady state [ 96 ]. The steady concentration of threohydrobupro-
pion is fi ve times greater than bupropion and erythrohydrobupropion levels approxi-
mate that of the parent compound but their pharmacological activity is considerably 
lower than other species. Studies in animal models indicate that collectively they are 
responsible for less than 20 % of antidepressant effects [ 94 ]. The conversion of 
bupropion to the racemic species hydroxybupropion is mediated via the CYP2B6 
isoenzyme. Although CYP2B6 exhibits polymorphic variations in metabolic activ-
ity, there does not appear to be any signifi cant changes in concentrations of the par-
ent drug with different phenotypes due to the fact that there are multiple metabolic 
pathways. The hydroxybupropion species may be further metabolized via CYP2D6 
isoenzyme as accumulation of this compound has been demonstrated to occur in 
subjects with the poor metabolizer phenotype [ 97 ]. Recent evidence suggests that 
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the other two active metabolites are most likely metabolized via the CYP2C19 iso-
enzyme, as concentrations of bupropion and both these species were elevated in 
those with a dysfunctional CYP2C19 allele [ 98 ]. The terminal plasma half-life for 
bupropion is approximately 18 h with hydroxybupropion, the major active metabo-
lite, possessing a half-life that is believed to be considerably longer [ 99 ]. 

 As might be expected, studies of the pharmacokinetic disposition of bupropion 
and its active metabolites in liver disease revealed that while the terminal half-life 
of all species was prolonged, the effects were highly variable [ 93 ]. The manufac-
turer recommends that doses of bupropion should not exceed 150 mg every other 
day for patients with severe hepatic cirrhosis and that lower doses should be consid-
ered for individuals with mild to moderate impairment as well. Studies in patients 
with end-stage renal failure indicated that while the disposition of bupropion was 
not signifi cantly different (in comparison to patients with normal renal function), 
the terminal half-life and AUC of the hydroxybupropion species was approximately 
doubled, raising concerns about toxic accumulations of this metabolite if dosing 
adjustments are not initiated [ 99 ,  100 ]. Accordingly, the manufacturer has recom-
mended that elderly patients receive daily doses that are 25 % lower than younger 
individuals, due to age-related declines in renal function. 

 The potential for bupropion to inhibit liver enzymes was not fully appreciated 
when it was initially released. In fact, the only reference to bupropion’s impact on 
drug metabolism was to suggest that it was associated with an induction of liver 
enzymes in animal models, and in vitro investigations reported a low affi nity of 
bupropion for the CYP2D6 isoenzyme in particular [ 101 ]. Subsequent in vivo stud-
ies demonstrated that the administration of bupropion resulted in substantial eleva-
tions in the concentrations of CYP2D6 substrates such as desipramine and 
dextromethorphan, and further research strongly suggested that this was due to the 
inhibitory effects of the threohydrobupropion and erythrohydrobupropion metabo-
lites in particular [ 102 – 104 ].  

9.2.4     Tricyclic and Tetracyclic Antidepressants (TCA) 

 Of all the antidepressants, tricyclic antidepressants are the oldest class with the fi rst 
approval of imipramine in 1959. Other cyclic antidepressants that were subsequently 
developed include the tricyclics (amitriptyline, amoxapine, clomipramine, desipra-
mine, doxepin, nortriptyline, protriptyline, and trimipramine) as well as the tetracyclic 
antidepressant maprotiline. While there are nine members of TCA currently marketed 
in the United States, only fi ve agents are commonly used (including imipramine, ami-
triptyline, nortriptyline, despiramine, and clomipramine). In addition to a wide array 
of psychiatric illnesses, TCA are also indicated for neuropathic pain, migraine, or 
tension headaches and other unique disorders (e.g., imipramine for enuresis). 

 Despite the extensive absorption of TCA in the small intestine, the subsequent 
entry into the portal circulation and hepatic fi rst-pass metabolism transforms approx-
imately 30–80 % of drug into metabolites and thereby signifi cantly reduces their 
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bioavailability [ 105 ]. The use of high doses of TCA, owing to their anticholinergic 
property, may decrease gastric emptying time to further result in delayed or erratic 
absorption. Serum concentrations maximize within several hours after oral adminis-
tration [ 106 ]. The primary dosage formulation of TCA available for use in the United 
States is oral, including tablets, capsules, or solutions. These oral formulations are 
largely bioequivalent and their absorption is unaffected by drug interactions and 
food. Parenteral administration bypasses the liver fi rst-pass metabolism, thereby 
enhancing overall bioavailability; however, there are no parenteral formulations of 
TCA currently marketed in the United States. 

 TCA are highly (≥90 %) bound to plasma proteins, especially α 1 -acid glycopro-
tein, and to some extent albumin and lipoproteins [ 105 ,  107 ]. With this high protein 
binding, the free or active fraction of TCA is limited to 5–10 % [ 108 ]. Owing to 
their relatively lipophilic property, TCA distribute well throughout the body, includ-
ing the brain where their therapeutic effects are exhibited. The apparent volumes of 
distribution range from 10 to 50 L/kg (Table  9.1 ) [ 106 ]. The clearance of TCA 
occurs almost exclusively via hepatic metabolism and elimination, averaging 
approximately 0.6 L/kg/h [ 105 ]. The CYP isoenzymes (namely, 2D6, 1A2, 3A4, 
and 1C19) responsible for the transformation of TCA generally produce metabolites 
by: (1) demethylating the side chain of tertiary amines to form secondary amines 
and (2) hydroxylating the central ring structure. The elimination half-life for most 
TCA is approximately 24 h, except for amoxapine which is about 8 h. Hepatic bio-
transformation of some TCA produces active metabolites, including desipramine 
(demethylated metabolite of imipramine) and nortriptyline (metabolite of 
amitriptyline).  

9.2.5     Monoamine Oxidase Inhibitors (MAOI) 

 MAOI were fi rst available for clinical use, with the discovery of iproniazid (a deriv-
ative of the antibiotic isoniazid) in 1951 [ 106 ]. This fi rst MAOI, in addition to tran-
ylcypromine, phenelzine and isocarboxazid, nonselectively and irreversibly inhibits 
both monoamine oxidase A (MAO-A) and B (MAO-B), which deaminate the neu-
rotransmitters serotonin, norepinephrine, and dopamine. MAO-A is responsible for 
the breakdown of both serotonin and norepinephrine, whereas both MAO-A and 
MAO-B metabolize dopamine. The advent of the relatively selective and reversible 
MAOI, particularly selegiline manufactured as a transdermal formulation, has lim-
ited the clinical utility of older MAOI agents. As such, this chapter will focus on 
selegiline. 

 The selegiline patch (Emsam®) is the fi rst transdermal antidepressant that was 
approved by the FDA in 2006 for the treatment of depression. With its major advan-
tage for use in patients who are unable to tolerate oral medications, this patch 
achieves a sustained and prolonged therapeutic effect. The patch achieves a sys-
temic bioavailability of approximately 30 % over 24 h and is highly protein bound 
at 90 % [ 109 ]. Selegiline is primarily metabolized by CYP2B6, CYP2C9, and 
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CYP3A4/5 and eliminated by the liver, with an elimination half-life of approxi-
mately 24 h [ 109 ,  110 ]. Since selegiline (also known as deprenyl™) was developed 
by structurally modifying amphetamine, two of its metabolites are R(−)-
methamphetamine and R(−)-amphetamine. These amphetamine-like metabolites do 
not appear to cause any physical dependence in rats [ 111 ].  

9.2.6     Miscellaneous Agents 

 Vilazodone is a selective serotonin reuptake inhibitor and a 5HT1A partial agonist 
that exerts its antidepressant effect primarily by enhancing serotonergic activity in 
the CNS [ 112 ]. The peak concentration of vilazodone (Tmax) occurs at a median of 
4–5 h after administration and it has a terminal half-life of approximately 25 h [ 39 , 
 54 ,  57 ]. Steady-state concentrations of vilazodone are achieved within 3 days of 
continuous administration. The bioavailability of vilazodone when administered 
with food is 72 %; without food, the AUC and Cmax are decreased by 50 % and 
60 %, respectively. After daily dosing of vilazodone 40 mg under fed conditions, the 
mean Cmax is 156 ng/mL and the mean AUC is 1645 ng·h/mL [ 62 ]. A multiple- 
dose pharmacokinetic study showed that concomitant food administration results in 
signifi cantly higher Cmax [ 113 ]. It is recommended that vilazodone be adminis-
tered with food to ensure adequate concentrations and maximum effectiveness [ 62 ]. 
Vilazodone is widely distributed and is highly protein bound (96–99 %). 

 Vilazodone is extensively metabolized through CYP (primarily CYP3A4, minor 
pathways at CYP2C19 and CYP2D6) and non-CYP pathways [ 62 ]. Only 1 % of the 
dose is recovered in the urine and 2 % of the dose in the feces as unchanged vilazo-
done. Ethanol and pantoprazole did not have signifi cant effect on vilazodone Cmax 
and AUC, while ketoconazole was able to increase Cmax and AUC by approxi-
mately 50 % [ 84 ]. Carbamazepine, on the other hand, decreased the Cmax and AUC 
of vilazodone by 50 % [ 84 ]. It is recommended that in the presence of strong 
CYP3A4 inhibitors, vilazodone dosage should be decreased by 50 %; conversely, in 
the presence of strong inducers, maximum daily doses of vilazodone (80 mg/day) 
should be considered in patients [ 84 ]. Vilazodone did not have appreciable effect on 
the pharmacokinetics of substrates of CYP3A4 (nifedipine), CYP1A2 (caffeine), 
CYP2D6 (debrisoquine), CYP2C9 (fl urbiprofen), CYP2C19 (mephenytoin), or Pgp 
(digoxin) [ 62 ]. Mild to severe renal or hepatic impairment does not affect the 
 clearance of vilazodone [ 114 ]. There were no pharmacokinetic differences for 
vilazodone in patients older than 65 years or between genders [ 62 ]. 

 Mirtazapine (1,2,3,4,10,14b-hexahydro-2-methylpyrazino [2,1-a] pyrido [2,3-c] 
benzazepine) is an antagonist at the central presynaptic α2 adrenergic inhibitory 
autoreceptors and heteroreceptors [ 115 ]. Both enantiomers of mirtazapine appear to 
have pharmacological activity. The (+) enantiomer blocks 5HT2 receptors and α2 
receptors, and the (−) enantiomer blocks 5HT3 receptors [ 115 ]. 

 Mirtazapine is well absorbed after oral administration and its absolute bio-
availability is approximately 50 % after either single or multiple doses [ 115 ]. 
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The time to peak plasma concentration is approximately 2 h after the oral dose 
and is independent of the dose. Food can slow the rate of absorption but does not 
affect the extent of the absorption; dose adjustment is not required when adminis-
tered with food [ 88 ]. Steady-state plasma concentrations are achieved within 5 
days and the elimination half-life of mirtazapine after oral administration is 
approximately 20–40 h [ 115 ]. 

 Mirtazapine is extensively metabolized and eliminated in the urine (75 %) and 
feces (25 %). Mirtazapine’s major metabolic pathways include demethylation and 
oxidation followed by conjugation. The 8-hydroxy metabolite of mirtazapine is 
formed by CYP2D6 and CYP1A2, while the N-desmethyl and N-oxide metabolite are 
formed by CYP3A [ 116 – 118 ]. The desmethyl metabolite is pharmacologically active 
and has a similar pharmacokinetic prolife as the parent compound. The (R)− enantio-
mer has an elimination half-life that is approximately twice as long and has plasma 
levels that are three times higher than the (S)+ enantiomer. Mirtazapine is highly 
protein bound (85 %) over concentrations of 10–1000 ng/mL. Mirtazapine binds more 
tightly to human liver proteins (2.8 times) than human plasma proteins [ 115 ]. 

 In a study of 14 Japanese patients, the metabolic clearance of mirtazapine and 
mirtazapine 8-hydroxylation activities were signifi cantly lower in CYP2D6 inter-
mediate metabolizers and poor metabolizers than extensive metabolizers ( p  < 0.05) 
[ 119 ]. Trough plasma concentration/dose ratios of mirtazapine were signifi cantly 
higher in CYP2D6 intermediate metabolizer/poor metabolizer group than extensive 
metabolizer group and higher in the CYP3A5 poor-expressor group (*3/*3) than 
expressor group (*1/*1 and *1/*3) ( p  < 0.05). Mirtazapine 8-hydroxylation and 
N-demethylation activities were also inhibited by quinidine and ketoconazole, 
respectively. CYP2D6 intermediate metabolizers and poor metabolizers showed 
signifi cantly lower mirtazapine 8-hydroxylation activities ( p  < 0.001) and metabolic 
clearance ( p  < 0.05) than extensive metabolizers. Trough concentrations were sig-
nifi cantly higher in the CYP2D6 intermediate metabolizer group than extensive 
metabolizer group ( p  < 0.05). Mirtazapine metabolism was not affected by risperi-
done or duloxetine alone but was affected when given concomitantly [ 119 ]. 

 In patients older than 55 years, the clearance of mirtazapine was reduced by as 
much as 40 % compared to the younger group [ 115 ]. The greatest reduction in clear-
ance was seen in elderly females. In general, females had signifi cantly longer elimi-
nation half-lives compared to males (37 h vs 26 h, respectively). Despite these 
differences, no specifi c dose adjustment is recommended based on gender due to 
signifi cant overlap in individual AUCs and half-lives between groups [ 115 ]. 

 The elimination half-life of mirtazapine was increased by 40 % in mild to 
moderate hepatic impairment compared to those with normal hepatic function at 
a daily dose of 15 mg. The increased half-life resulted in 57 % increase in AUC 
and 33 % decrease in clearance of mirtazapine. In those with moderate and severe 
renal impairment, there were signifi cant decrease in the clearance of mirtazapine 
and increase in AUC (54 % and 215 % for moderate and severe renal impairment, 
respectively). Peak plasma levels of mirtazapine were also doubled in those with 
severe renal impairment and the drug should be used cautiously in these individu-
als [ 115 ]. 
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 Vortioxetine (1-[2-(2,4-dimethyl-phenylsulfanyl)-phenyl]-piperazine, hydrobro-
mide) is the fi rst antidepressant in a class of multimodal antidepressants [ 120 ]. 
While the specifi c antidepressant mechanism of action is not fully understood, vor-
tioxetine appears to exert its effect by inhibiting the reuptake of serotonin. The main 
pharmacological activity of vortioxetine is due to the parent drug. Steady-state 
mean Cmax are 9, 18, and 33 ng/mL within 7–11 h (Tmax) of administration of 5, 
10, and 20 mg/day, respectively. The mean terminal half-life is approximately 66 h 
and steady-state plasma concentrations are achieved within 2 weeks of dosing. The 
absolute bioavailability of vortioxetine is 75 % and food does not affect the pharma-
cokinetics. Vortioxetine is extensively distributed with an apparent volume of distri-
bution estimated at 2600 L. It is highly protein bound (98 %) and there was no effect 
on protein binding in those with hepatic or renal impairment [ 120 ]. There were no 
differences in plasma concentrations between men or women [ 121 ]. 

 Vortioxetine is extensively metabolized via oxidation (CYP2D6, CYP3A4/5, 
CYP2C19, CYP2C9, CYP2A6, CYP2C8, and CYP2B6 enzymes) and glucuronida-
tion [ 122 ,  123 ]. CYP2D6 is the primary enzyme responsible for metabolizing vor-
tioxetine, resulting in an inactive carboxylic acid metabolite. Poor metabolizers of 
CYP2D6 have approximately twice the plasma concentration of vortioxetine com-
pared to extensive metabolizers. Vortioxetine also lacks any inhibitory or inducing 
property for CYP450 enzymes [ 124 ]. Approximately 59 % and 26 % of the drug is 
eliminated in the urine and feces, respectively, as metabolites. Hepatic or renal 
impairment (mild, moderate, severe) does not affect the clearance of vortioxetine 
[ 120 ]. 

 Ketamine is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antago-
nist that was discovered in 1962 as an anesthetic [ 125 ]. It is a racemic compound 
similar to the psychomimetic drug, phencyclidine (PCP), but is much less potent 
and has a shorter duration of action than PCP. Ketamine has been associated with 
illicit use, but in the last 15 years, the drug has been clinically investigated and 
found to have robust and rapid antidepressant activities. The (R)− and (S)+ enantio-
mers of ketamine have differential affi nity for the NMDA receptor with (S)+ having 
a fourfold greater binding affi nity for the PCP site of the NMDA receptor [ 126 ]. 
Ketamine is also a μ-opioid receptor agonist in the CNS and spinal cord at anes-
thetic doses [ 127 ]. 

 Ketamine is administered parenterally when used for therapeutic purposes. The 
peak plasma concentration of ketamine occurs within 1 min after an intravenous 
administration, and the half-life, which corresponds to the anesthetic effect of the 
drug, lasts approximately 10–15 min [ 125 ]. The elimination half-life is 2 h for the 
parent drug and 4 h for the metabolite, norketamine. The bioavailability for the 
intramuscular, intranasal, and oral route is 93 %, 25–50 %, and 16 %, respectively. 
The oral route results in lower peak plasma concentrations of the parent drug, ket-
amine, and higher levels of norketamine and dehydronorketamine [ 125 ]. 

 Ketamine is extensively metabolized by hepatic enzymes, CYP2B6 and CYP3A4, 
to norketamine [ 125 ]. The metabolites are excreted renally (90 %) and fecally (5 %) 
and 4 % of the drug is excreted unchanged in the urine.   
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9.3     Clinical Pharmacodynamics 

 The precise mechanism of pharmacological action mediating the therapeutic effects 
of currently available antidepressants continues to elude researchers. For many 
years now, it has been assumed that depression was precipitated by a defi ciency of 
biogenic amines in the central nervous system (e.g., serotonin, norepinephrine, and 
dopamine). While there are many lines of evidence lending credence to this hypoth-
esis, the most compelling argument in support may simply reside in the fact that all 
of the effective antidepressants approved to date have been demonstrated to enhance 
the activity of at least one of these neurotransmitters [ 128 ]. 

 There is now ample reason to believe, however, that this theory is not entirely 
correct and that antidepressant activity may be attenuated by other means [ 128 ]. For 
example, the putative actions of SSRI in the synapse – to bind to the presynaptic 
serotonin transporter (5HTT) and increase local serotonin concentrations – has been 
demonstrated to occur within hours of administration yet clinical benefi ts are not 
typically apparent for several days or weeks [ 55 ,  129 ,  130 ]. Furthermore, while all 
SSRI share the same strong affi nity for blocking the 5HTT site, they are not thera-
peutically interchangeable and individuals who fail to respond to one member of the 
class may have a robust and complete therapeutic response to another [ 131 ]. 

 Evidence has also accumulated in recent years that antidepressants have other 
pharmacological actions, particularly in regard to addressing the stress diathesis 
model of mood disorders. These mechanisms include alterations in glutaminer-
gic transmission, promotion of neurogenesis, and anti-infl ammatory properties 
[ 128 ,  132 ,  133 ]. Indeed, recent investigations demonstrating the rapid and pro-
found antidepressant effects of medications lacking any appreciable effects on 
monoamine transmission strongly suggest that other pharmacodynamic proper-
ties of antidepressants may be associated with therapeutic activity [ 134 ]. 

 In spite of the uncertainties encountered with the biogenic amine hypothesis, it is 
certainly instructive to review the pharmacodynamics actions of the different anti-
depressant agents within the context of adverse effects as well as therapeutic effects. 
In the section below, we have summarized the pharmacodynamics actions of 
 antidepressants, highlighting the chemical properties and pharmacological differ-
ences that may be of clinical relevance. 

9.3.1     Selective Serotonin Reuptake Inhibitors (SSRI) 

 All of the members of the SSRI class have demonstrated a strong affi nity for bind-
ing to and effectively blocking the 5HTT in vitro. This affi nity is greatest for parox-
etine, followed closely by sertraline. Genetic polymorphisms have been identifi ed 
for this receptor but the clinical signifi cance of this fi nding remains unclear [ 135 ]. 
Clinical studies employing PET technology have suggested that chronic administra-
tion of SSRI requires 5HTT occupancy of at least 80 % to exert therapeutic effects. 
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With higher doses, the occupancy of this receptor was observed to plateau at 
approximately 85 %, indicating that therapeutic effects are not enhanced by dose 
escalation but the incidence and severity of adverse effects may increase [ 136 ]. 

 At the present time, there is no convincing evidence that SSRI either inhibit the 
breakdown or promote the synthesis of serotonin. Instead, it has long been postulated 
that blockade of the 5HTT receptor would lead to an increase in synaptic concentra-
tions of serotonin. This increase has not always been found to be particularly robust 
or sustained in investigations, and it is now believed that the therapeutic effects seen 
with chronic administration are due to a desensitization of the presynaptic 5HT1a 
autoreceptor. This effect may also initiate a decrease in glutamatergic fi ring. 

 The high affi nity that SSRI have exhibited for the 5HTT is not observed with any 
other neurotransmitter receptors, which is why this class of antidepressants was 
originally termed “selective.” It is not accurate to assume, however, that the SSRI do 
not have direct pharmacological effects on other neurotransmitters. Sertraline is 
believed to possess at least mild effects on blocking dopamine reuptake, as in vitro 
studies have demonstrated Ki values that are 2–3 orders of magnitude smaller than 
other SSRI (i.e., sertraline has higher affi nity than others). Paroxetine has exhibited 
a similar affi nity, quantitatively, for the muscarinic receptor, which may explain the 
higher risk of anticholinergic side effects reported with this SSRI in clinical trials. 
A comparison of affi nities for the norepinephrine transporter (relative to serotonin) 
suggests that fl uoxetine would be most likely to exert noradrenergic effects, which 
may be responsible for the comparatively high incidence of onset insomnia reported 
with this SSRI. 

 As mentioned previously, it is quite possible that antidepressant properties are 
mediated via pharmacological actions not necessarily involving the direct effects of 
biogenic amines. With SSRI, there have been several investigations which have 
reported anti-infl ammatory properties for various agents, including inhibition of 
lymphocyte proliferation, decreases in infl ammatory cytokines such as tumor necro-
sis factor (TNF-alpha), and increases in anti-infl ammatory cytokines such as inter-
leukin- 10 (IL-10) [ 128 ].  

9.3.2     Serotonin Norepinephrine Reuptake Inhibitors (SNRI) 

 Members of the SNRI class exhibit a high affi nity for blocking norepinephrine as 
well as serotonin reuptake but it remains unclear if this multimodal effect confers 
therapeutic superiority over SSRI [ 131 ,  137 – 139 ]. Although all four members of 
this class share this pharmacological portfolio, there are substantial differences 
among them in regard to relative selectivity and dose-dependent effects. 

 Venlafaxine possesses an affi nity for blocking serotonin reuptake which is nearly 
30 times higher than norepinephrine in in vitro human models [ 140 ]. The affi nity for 
norepinephrine reuptake inhibition with venlafaxine is considerably less than with 
secondary tricyclic agents and comparable to Ki values reported for sertraline and 
fl uoxetine. However, venlafaxine’s pharmacological profi le is dose dependent and 
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noradrenergic effects become more prominent at higher doses [ 141 ]. Furthermore, 
venlafaxine is rapidly metabolized to an active species (o- desmethylvenlafaxine) 
which is present in higher concentrations that are 2–3 times greater than the parent 
compound at steady state, contributing to venlafaxine’s overall effects. Desvenlafaxine’s 
pharmacological properties are similar to venlafaxine’s, with an affi nity for serotonin 
reuptake inhibition which is considerably greater than norepinephrine. Desvenlafaxine 
is also similar to venlafaxine in the sense that it has a low affi nity for dopamine reup-
take, and affi nities for other neurotransmitter systems are minimal [ 140 ,  142 ]. 

 The pharmacodynamics profi le for duloxetine is also similar to venlafaxine’s, 
with in vitro affi nity for the serotonin transporter overshadowing that of norepi-
nephrine. Duloxetine’s clinical effects were originally attributed solely to serotonin 
reuptake inhibition, but subsequent research has revealed that it has relatively bal-
anced neurotransmitter effects, with potent physiological activity mediated by both 
serotonin and norepinephrine at doses prescribed within the therapeutic range [ 143 , 
 144 ]. Duloxetine has a low affi nity for blocking dopamine reuptake and virtually no 
affi nity for other neurotransmitters. 

 Levomilnacipran has a distinct pharmacological profi le from other SNRI as it 
has demonstrated a higher affi nity for blocking norepinephrine reuptake than sero-
tonin but the clinical ramifi cation of this property is uncertain. Noradrenergic effects 
of levomilnacipran appear to increase in a dose-dependent manner as evidenced by 
increases in diastolic blood pressure and heart rate with escalating doses. However, 
the serotonergic effects also become comparatively greater with higher doses and 
the relative contribution of these two neurotransmitters to pharmacological activity 
becomes comparable as doses approach 120 mg daily (i.e., maximum recommended 
dose) [ 145 ]. Levomilnacipran exhibits virtually no affi nity for any other neurotrans-
mitter systems in in vitro investigations.  

9.3.3     Norepinephrine Reuptake Inhibitors (NRI) 

 From a structural or pharmacological standpoint, bupropion is actually quite similar 
to the classic stimulant medications, though it lacks their reinforcing or abuse poten-
tial. Bupropion has exhibited minimal direct effects on serotonin homeostasis and it 
is widely believed that its antidepressant properties are due to alterations in dopami-
nergic or noradrenergic transmission, though there continues to be considerable 
controversy in this regard [ 95 ]. Bupropion itself is only a weak inhibitor of reuptake 
blockade for dopamine or norepinephrine in vitro but in vivo effects are more pro-
nounced, most likely due to the fact that the active metabolite, hydroxyl-bupropion, 
has more potent effects at these transporters and plasma concentrations are much 
greater than the parent compound at steady state [ 146 ]. 

 Bupropion has also been found to be a potent antagonist for certain nicotinic 
acetylcholinergic receptors. This may explain the benefi cial effects observed with 
bupropion for smoking cessation, and this pharmacological action may also contrib-
ute indirectly to the fi ring rate of noradrenergic neurons [ 95 ]. 
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 In animal models, bupropion appears to decrease noradrenergic activity in the 
locus coeruleus, suggesting possible anxiolytic effects [ 147 ]. However, bupro-
pion has also been demonstrated to increase aggressive behaviors in mice with 
such tendencies, suggesting that the effects on anxiety levels may be state depen-
dent [ 148 ].  

9.3.4     Tricyclic and Tetracyclic Antidepressants (TCA) 

 TCA therapeutically modulate mood by inhibiting the reuptake of neurotransmitters, 
specifi cally norepinephrine and serotonin, to increase their activity at postsynaptic 
receptors; however, the receptor binding affi nity of these neurotransmitters differs 
between each TCA. TCA possess a common core 3-ring structure with an amine side 
chain – either secondary or tertiary [ 149 ]. Secondary amines (including desipramine 
[active, demethylated metabolite of imipramine], nortriptyline [active metabolite of 
amitriptyline], protriptyline, and maprotiline) preferentially block norepinephrine 
reuptake, whereas tertiary amines (including amitriptyline, clomipramine, doxepin, 
imipramine, and trimipramine) inhibit serotonin reuptake. 

 TCA display moderate affi nity to α 1 -, some α 2 -, and no β-adrenergic receptors 
[ 106 ]. The blockade of α 1  contributes to the hypotensive effect that may occur with 
initial administration of TCA. Sensitivity of α 1  receptors increases over weeks of 
treatment, resulting in the desired antidepressant effect. In contrast, the initial inhi-
bition of the α 2  autoreceptor wanes with long-term exposure. TCA affect other neu-
rotransmitters, directly and indirectly. They inhibit the transport of dopamine into 
noradrenergic terminals in the cerebral cortex and decrease the activity of D 2  dopa-
mine autoreceptors [ 106 ]. They also inhibit the muscarinic cholinergic and hista-
mine H 1  receptors. Lastly, TCA bind to glutathione S-transferase-pi that allows 
these drugs to pass through placenta to accumulate in utero and potentially cause 
congenital malformations [ 150 ]. As such, TCA should be used cautiously during 
pregnancy.  

9.3.5     Monoamine Oxidase Inhibitors (MAOI) 

 While MAO-A and MAO-B enzymes reside in the mitochondrial membranes that 
are widely distributed throughout the body, including the central nervous system, 
the inhibition of MAO-A, specifi cally, is more directly associated with treating 
depression [ 106 ]. Hepatic MAO-A inactivates the monoamine tyramine. Tyramine 
exerts sympathomimetic effects and is a naturally occurring compound present in 
certain foods (e.g., pickled, aged, smoked, or processed meats [except cured ham], 
chocolate, alcoholic beverages, fermented cheeses, sour cream, yogurt, sauces, 
miso soup, kimchi, beans, peas, and peanuts).  
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9.3.6     Miscellaneous Agents 

 Vilazodone binds tightly to serotonin reuptake site (Ki = 0.1 nM) but does not have 
high affi nity to the norepinephrine (Ki = 56 nM) or dopamine (Ki = 37 nM) reuptake 
sites [ 62 ]. Vilazodone is a potent reuptake inhibitor of serotonin (IC50 = 1.6 nM) 
and binds selectively to 5HT1A receptors (IC50 = 2.1 nM) as a partial agonist. 
5HT1A receptors, when activated, increase potassium conductance and reduce the 
fi ring rate of serotonergic neurons in the cortex and hippocampus [ 151 ]. This nega-
tive feedback mechanism appears to be responsible for the delayed onset of thera-
peutic response to serotonergic antidepressants such as SSRI [ 152 ]. 

 In one PET study, 6 h after a single 40 mg dose of vilazodone, occupancy effects 
at the 5HT1A receptor were found in only three out of four human subjects. At 
lower dose of 20 mg, 5HT1A receptor occupancy could not be demonstrated [ 153 ]. 
It is possible that repeated doses of vilazodone could result in consistent receptor 
occupancy. In addition, it appears that vilazodone preferentially occupies the auto-
receptor versus the postsynaptic receptor, which has been theorized to accelerate 
and augment the clinical effects of SSRI [ 153 ,  154 ]. 

 Mirtazapine exerts its antidepressant effects by enhancing central serotonergic 
and noradrenergic activity. Mirtazapine is also a potent antagonist at 5HT2 and 
5HT3 receptors, which may be responsible for the decreased rate of nausea/vomit-
ing, insomnia, and anxiety [ 115 ]. Due to mirtazapine’s activity at the 5HT3 recep-
tors, it has been often compared to ondansetron, an agent solely used as antiemetic. 
The interaction between ondansetron and mirtazapine, when given concomitantly, 
has been reported [ 155 ,  156 ]. Due to both drugs competing for CYP1A2, CYP2D6, 
and CYP3A4, the therapeutic effects of ondansetron may be inhibited by mirtazap-
ine, and therefore, cessation of one of the drugs is recommended. Mirtazapine does 
not have any direct effect on 5HT1A and 5HT1B receptors. Mirtazapine has potent 
antagonist properties at the H1 receptor which is responsible for the sedative effect 
and potentially weight gain effects due to increased appetite [ 115 ]. Mirtazapine is 
also a moderate peripheral α1 adrenergic antagonist, which may explain its ortho-
static hypotensive properties. In vitro and in vivo studies have shown that mirtazap-
ine has virtually no anticholinergic activity and has been confi rmed in clinical trials 
which show very low incidence of anticholinergic side effects. 

 The antidepressant activity of mirtazapine can be attributed to the parent drug, 
(S)+ enantiomer or (R)− enantiomer, depending on the test used to measure antide-
pressant effect [ 115 ]. Desmethyl mirtazapine was shown to have anti-anxiety activ-
ity in rats but less antidepressant effect per rat EEG profi le compared to the parent 
compound. The metabolite is also less active in α2, 5HT2, and H1 antagonistic 
activity compared to the parent compound. 

 In two double-blind, placebo-controlled trials in children aged 7–18 years, mir-
tazapine failed to show any differences in primary or secondary endpoints com-
pared to placebo. Signifi cant weight gain (48.8 % vs 5.7 %), urticarial rash (11.8 % 
vs 6.8 %), and hypertriglyceridemia (2.9 % vs 0 %) were commonly observed. 
Mirtazapine is not indicated for use in patients less than 18 years old. 
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 Vortioxetine has high affi nity to human serotonin transporter (Ki = 1.6 nM) but 
not to norepinephrine (Ki = 113 nM) or dopamine (Ki > 1000 nM) transporters 
[ 120 ]. It potently and selectively inhibits reuptake of serotonin receptors. It is also 
an antagonist at 5HT3A (Ki = 3.7 nM), 5HT1D (Ki = 54 nM), and 5HT7 (Ki = 19 nM) 
receptors, a partial agonist at 5HT1B (Ki = 33 nM) receptor, and agonist at 5HT1A 
(Ki = 15 nM) receptor [ 157 – 159 ]. Vortioxetine appears to exert its antidepressant 
effect primarily through its activity at 5HT receptors and SERT inhibition. 

 In two PET studies using 5HTT ligands, the mean 5HT transporter occupancy 
was approximately 50 % at 5 mg/day, 65 % at 10 mg/day, and 80 % at 20 mg/day 
[ 160 ,  161 ]. In rat EEG studies, vortioxetine did not produce changes in wake, REM, 
slow-wave sleep [ 162 ]. It did, however, increase vigilance (measured as time awake) 
in a dose-dependent manner [ 162 ]. Due to the multimodal mechanism of vortiox-
etine, the drug appears to increase frontal cortical activity in a pattern that differs 
from SSRI and SNRI. One of the areas of intense investigation and clinical utility 
for vortioxetine is in the areas of cognitive function and attention as a result of these 
fi ndings [ 163 ]. 

 Ketamine is a synthetic derivative of PCP and the biological mechanisms for its 
antidepressant effects remain largely unknown. Ketamine binds to the PCP site 
within the ion channel and at rest. Mg2+ blocks the infl ux of Ca2+ and Na+. Upon 
depolarization and in the presence of co-agonists glutamate and glycine, Ca2+ and 
Na+ enter the cell [ 164 ]. Studies indicate that the NMDA receptor blockade leads to 
upregulation in AMPA receptor expression and activation of the mammalian target 
of rapamycin (mTOR) intracellular cascade that is required for the antidepressant 
activity of ketamine [ 165 ]. In addition, the brain-derived neurotrophic factor 
(BDNF) that plays a role in neuroplasticity may serve as a biomarker for ketamine’s 
antidepressant activity. One of the key desirable features of ketamine is its rapid 
onset of antidepressant effects. Antidepressant effects have been observed within 
hours of a single intravenous infusion, which offers signifi cant advantage over 
 traditional antidepressants that may take weeks to see benefi cial effect. Studies have 
also implicated the use of ketamine for suicidal ideation and bipolar depression 
[ 166 ,  167 ]. 

 Unfortunately, the magnitude and persistence of the response are unpredictable 
and variable depending on the route of administration and frequency of doses [ 168 , 
 169 ]. In addition, the long-term benefi ts and toxicity of ketamine including risk for 
dependence remain unclear.   

9.4     Plasma Concentration Relationships 

 Therapeutic drug monitoring (TDM) has proven to be invaluable for many medica-
tions which possess a strong association between plasma concentrations and thera-
peutic response and/or adverse effects. For most available antidepressants, however, 
the benefi ts of routine TDM have not been forthcoming and these practices are not 
considered to be the standard of care for any antidepressants at the present time [ 48 ]. 
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This may be due to the inherent diffi culties encountered in sampling drug concentra-
tions from the effective compartment (i.e., the central nervous system). Attempts at 
extrapolating CNS concentrations from peripheral concentrations have not been par-
ticularly successful due to the multitude of variables infl uencing the homeostasis of 
medication in the brain (e.g., transport proteins, synaptic metabolism, receptor bind-
ing). Recent attempts at correlating plasma concentrations with PET scans quantify-
ing receptor occupancy have been intriguing but await further exploration. Below is 
a summary of the research evidence which has examined the statistical association of 
plasma concentrations with patient response for the various antidepressant classes. 

9.4.1     Selective Serotonin Reuptake Inhibitors (SSRI) 

 Many researcher groups have analyzed the steady-state concentrations of the SSRI in 
an attempt to identify a therapeutic range to optimize effi cacy and minimize toxicity, 
but the majority of these efforts have not been particularly insightful or clinically 
relevant [ 48 ,  66 ]. More often than not, the plasma concentration range that research-
ers reported was quite broad, leading clinicians to question if the cost and inconve-
nience of serum sampling were worth the benefi t. In addition to the diffi culties 
previously mentioned with TDM practices for antidepressants, research efforts with 
SSRI in particular have also been hampered by the fact that several of the compounds 
have active metabolites, racemic mixtures, nonlinear pharmacokinetics, or relatively 
high fi rst-pass effects. Such factors have rendered the practice of predicting plasma 
concentrations to be quite challenging (i.e., poor correlation between daily dosages 
and steady-state concentrations) as well as contributing to the methodological com-
plexity of plasma sampling, modeling, and data interpretation. In spite of these vari-
ables, a recent review of the benefi ts of TDM for psychiatric drugs concluded that 
there was Level 2 evidence supporting plasma concentration monitoring for all of the 
SSRI and their respective metabolites, with Level 2 defi ned as suffi cient evidence to 
recommend monitoring levels for the purposes of dose titration, special indications, 
or problem solving [ 48 ]. These recommended therapeutic ranges can be found in 
Table  9.2 . Preliminary research utilizing PET scans to investigate correlations 
between plasma concentrations of SSRI and occupancy of the serotonin transporter 
receptors has revealed that most SSRI require at least 80 % occupancy to improve the 
likelihood of therapeutic benefi t [ 136 ,  170 ]. It is hoped that this revelation will stimu-
late further research and improve TDM practices with SSRI in the future.

9.4.2        Serotonin Norepinephrine Reuptake Inhibitors (SNRI) 

 The SNRI suffer from many of the same pharmacokinetic hindrances as SSRI 
and, as a result, routine plasma concentration monitoring is not recommended. 
In addition, most of the SNRI tend to have shorter plasma half-lives than SSRI, 
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so the timing of serum sampling becomes problematic as well. In spite of these 
complexities, recent TDM guidelines published by the European Expert Panel 
AGNP concluded that there is Level 2 evidence supporting the use of SNRI 
in certain circumstances. In studies analyzing receptor occupancy, the SNRI 
have been found to have a fairly high occupancy rate for both 5HT and NE 
receptors, generally in the range of 40–60 %, after administration of therapeutic 
doses [ 171 ].  

    Table 9.2    Therapeutic drug monitoring of antidepressants   

 Drug 

 Usual 
daily 
dose 
(mg) 

 Recommended 
plasma 
concentration 
(ng/mL) 

 Level of evidence 
to support 
therapeutic drug 
monitoring a  

 Amitriptyline [ 7 – 9 ] (+ nortriptyline)  100–300  80–200  4 

 Bupropion [ 11 ,  12 ] (+ hydroxybupropion)  200–450  225–1500  3 

 Citalopram [ 13 ]  10–40  50–110  2 
 Clomipramine [ 14 ] (+ norclomipramine)  75–250  230–450  1 
 Desipramine [ 17 ]  100–300  100–300  2 
 Desvenlafaxine  50–100  100–400  2 
 Doxepin [ 18 ] (+ nordoxepin)  100–300  50–150  2 
 Duloxetine  60–120  30–120  2 
 Escitalopram  5–20  15–80  2 
 Fluoxetine [ 18 ] (+ norfl uoxetine)  10–40  120–500  2 

 Fluvoxamine [ 13 ]  100–300  60–230  2 
 Imipramine [ 20 ,  21 ] (+ desipramine)  100–300  175–300  1 

 Maprotiline [ 22 ]  75–225  75–130  2 
 Mirtazapine [ 13 ]  15–45  30–80  2 
 Nortriptyline [ 23 ,  24 ]  50–150  70–170  1 
 Paroxetine  10–40  30–120  3 
 Phenelzine  30–60  N/A  N/A 
 Selegiline transdermal  6–12  N/A  N/A 
 Sertraline  25–200  10–150  2 
 Tranylcypromine  15–60  N/A  N/A 
 Trazodone [ 25 ,  26 ]  150–600  700–1000  2 
 Venlafaxine [ 13 ] (+ desvenlafaxine)  150–300  100–400  2 

 Vilazodone [ 28 ]  20–40  N/A  N/A 
 Vortioxetine [ 29 ]  10–20  N/A  N/A 

  Adapted from Hiemke et al. [ 48 ] 
  a Levels of recommendations (defi nitions): 
 1 –  strongly recommended  for dosage titration and special indications 
 2 –  recommended  for dosage titration and special indications 
 3 –  useful  for special indications 
 4 –  potentially useful  for special indications  
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9.4.3     Norepinephrine Reuptake Inhibitors (NRI) 

 Plasma concentrations have also been studied for the safety and effi cacy of the NRI, 
bupropion, with some interesting fi ndings. For example, early research examining 
the concentrations of bupropion and its three active metabolites demonstrated that a 
superior therapeutic response was found with higher concentrations of the parent 
compound but not the metabolites [ 11 ]. 

 In contrast, researchers explored the association of the active metabolite 4-OH 
bupropion with therapeutic response and found that concentrations exceeding 
860 ng/ml were associated with a much higher likelihood of marked improvement 
in depressive symptoms [ 172 ]. Unfortunately, they were unable to quantify plasma 
concentrations of the parent drug due to its instability at room temperature in 
plasma. Also, it should be noted that the sample size was relatively small and that 
90 % of the study subjects were taking other psychoactive medications. It is inter-
esting to note, however, that this threshold of 860 ng/ml is considerably higher than 
that endorsed in the AGNP guidelines (225 ng/ml), where bupropion was concluded 
to have Level 2 evidence of support for TDM practices.  

9.4.4     Tricyclic and Tetracyclic Antidepressants (TCA) 

 The benefi ts of TDM have been well studied and are clearly evident for most TCA, 
especially due to their narrow therapeutic index and an extremely poor safety profi le 
with chronic use and acute intoxication [ 173 – 175 ]. A meta-analysis of 45 studies 
validated the importance of performing TDM for amitriptyline, particularly in a 
controlled and randomized environment, to achieve the antidepressant response 
[ 176 ]. The therapeutic reference ranges for TCA are defi ned for the treatment of 
depression and access to the assays that measure drug concentrations are readily 
available (Table  9.2 ). TDM of TCA appears to be cost-effective and implementing 
early within the fi rst 3 weeks of the initiation of therapy for depression has been 
associated with improved clinical response and reduced central nervous system and 
cardiovascular side effects [ 174 ,  175 ]. The penetration of drugs into the brain is 
critical for therapeutic effects, and animal studies reveal a linear relationship 
between steady-state plasma and brain concentrations of TCA [ 177 ]. As such, 
plasma or serum (instead of whole blood), steady-state concentrations are used in 
the TDM practice to optimize response to TCA therapy. Plasma concentrations are 
usually measured after 1 week of therapy once steady state is achieved, unless in the 
presence of signifi cant toxicity when immediate TDM may be necessary. Mid-
interval concentrations (e.g., 12 h after the most recent oral dose of TCA adminis-
tered at 24-h intervals) are used for its convenience and provide a good estimate of 
average concentrations [ 105 ]. 

 Based on systematic reviews and meta-analyses, a strong concentration- 
therapeutic response relationship is observed for nortriptyline, imipramine, and 
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desipramine [ 48 ,  173 ]. Clinical response to nortriptyline appears to correlate well to 
the total serum, rather than free, drug concentrations [ 178 ,  179 ]. For nortriptyline 
and other TCA, total serum drug concentrations are used in the TDM process. 
Furthermore, some TCA (including imipramine, amitriptyline, clomipramine, and 
maprotiline) require the monitoring of total drug concentrations that should incor-
porate both parent drug and active metabolites since they contribute inclusively to 
the clinical effectiveness. The lower limits of the TCA’s therapeutic ranges should 
always be targeted for clinical response, as concluded in studies of imipramine, due 
to the narrow therapeutic index [ 176 ,  180 ]. 

 The concentration-response relationship for imipramine is linear, where increas-
ing the concentration augments the probability of achieving a therapeutic response. 
However, nortriptyline, desipramine, and amitriptyline display a curvilinear rela-
tionship, denoting amelioration of antidepressant response when concentrations 
exceed the therapeutic range [ 175 ]. This unique pharmacodynamic relationship was 
observed for nortriptyline in the fi rst study on TDM in psychiatry [ 178 ]. Furthermore, 
free concentrations of nortriptyline exceeding 10 ng/ml inhibit clinical response 
[ 179 ]. The most plausible explanation for this curvilinear relationship is the occur-
rence of side effects that limits the clinical utility of TCA at high concentrations. As 
such, most serious adverse effects are associated with high drug concentrations; 
therefore, the occurrence of side effects generally defi nes the upper limit of the 
therapeutic range [ 181 ,  182 ]. 

 Serious cardiotoxicity, including sinus tachycardia and prolongation of cardiac 
conduction that may lead to arrhythmias, is associated with high drug concentra-
tions that are usually observed during acute intoxication [ 106 ]. Because of the 
severity of these cardiac effects, TCA should be avoided in patients with a history 
of cardiac disease, including myocardial infarction, congestive heart failure, and 
arrhythmias. Even in patients without any cardiac disease, orthostatic hypotension, 
which can be signifi cant enough to precipitate falls and injuries, may occur due to 
the TCA’s potent antagonistic α 1  activity. Compared to other TCA, nortriptyline is 
least likely to cause postural hypotension. In addition to cardiovascular effects, sig-
nifi cant adverse effects on the central nervous system, including weakness, fatigue, 
confusion, and seizures, may occur with TCA therapy due to its antagonistic effects 
on histamine receptors. TCA should be used cautiously in pediatric patients due to 
their potential to induce seizures and cardiotoxicity. 

 TCA exhibit potent anticholinergic effects that include dry mouth, altered taste, 
epigastric distress, constipation, dizziness, tachycardia, blurred vision, and urinary 
retention. The correlation between drug concentrations and these anticholinergic 
effects appears to vary with the type of TCA. For example, decreased saliva produc-
tion and dry mouth (except drowsiness) are strongly associated with plasma ami-
triptyline concentrations, yet the correlation is absent for nortriptyline [ 183 ]. TCA 
should be used cautiously in geriatric patients due to their cardiovascular and anti-
cholinergic effects. 

 There are inherent challenges within the practice of TDM for TCA, despite its 
availability for many decades. In fact, one study demonstrated the need to improve 
TDM for TCA (including maprotiline, clomipramine, imipramine, desipramine, 
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nortriptyline, and amitriptyline) in hospitals since 20 % of therapeutic adjustments 
were considered inappropriate [ 184 ]. The presence of active metabolites for some 
TCA requires the measurement of both parent drug and active metabolites, and the 
potential for altered protein binding also contributes to the complexity of TDM for 
TCA [ 185 ]. In addition, TCA share common hepatic metabolic pathways with other 
medications; therefore, drug-drug interactions may unpredictably alter concentra-
tions of TCA. Furthermore, the targeted steady-state concentrations that optimize 
therapeutic response and minimize toxicity, particularly for use in the actual clinical 
settings, may differ from established ranges that were developed in a controlled 
environment, especially for amitriptyline and clomipramine [ 176 ,  186 ]. 

 In light of the complexity of TDM for TCA, an interdisciplinary approach that 
integrates efforts of physicians, pharmacists, and laboratory personnel should be 
employed to optimize TDM of antidepressants [ 187 ]. When robust data are avail-
able, TDM should be combined with pharmacogenetic tests to personalize therapy 
[ 48 ,  173 ]. Pharmacogenetic tests that incorporate genotype or phenotype informa-
tion may be invaluable in characterizing genetic polymorphisms that contribute to 
adverse drug reactions and drug-drug interactions [ 181 ]. Recently, dried blood spot, 
which is a sampling technique that utilizes an ultralow volume, was evaluated for 
amitriptyline, nortriptyline, imipramine, desipramine, and clomipramine, in a robust 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) method that effi -
ciently runs within 5 min [ 188 ]. Dried blood spot eliminates the need for centrifuga-
tion or freezing of samples and measures drug concentration in whole blood. The 
concentrations from dried blood spot samples are usually 15 % lower than plasma. 
Future studies should explore and validate this sampling strategy in the clinical 
setting.  

9.4.5     Monoamine Oxidase Inhibitors (MAOI) 

 Monitoring plasma concentrations is not recommended based on the dearth of data 
on the TDM of MAOI. However, special precautions should be made when initiat-
ing or discontinuing MAOI, including the transdermal selegiline patch. The long 
terminal half-lives produce a delayed onset of antidepressant effect (e.g., 1–2 
weeks), which may persist for as long as 2 weeks after drug discontinuation [ 189 ]. 
As such, to prevent a hypertensive reaction or the serotonin syndrome, a washout 
period of 2 weeks is recommended after discontinuing tranylcypromine, phenel-
zine, or selegiline and before initiating another antidepressant. Furthermore, other 
antidepressants should be discontinued 2 weeks before to initiating MAOI. 

 Concurrent consumption of MAOI and tyramine-rich foods (>6 mg per day) may 
induce a hypertensive crisis. At low doses, ingestion of selegiline does not require 
dietary restrictions because it lacks inhibition of MAO-A; however, at high doses 
(i.e., >10 mg per day) that are may be used therapeutically for depression, it inhibits 
both MAO-A and MAO-B. Especially if administered orally, dietary restrictions to 
prevent hypertensive reactions are required. Furthermore, with the prolonged effect 
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of MAOI, a diet limiting typramine-rich food should continue until 2 weeks after 
discontinuing MAOI. The dose of the transdermal patch at 6 mg per 24 h may not 
require dietary restrictions. Incremental dose increase of 3 mg per 24 h at 2 week 
intervals (up to a maximum dose of 12 mg per 24 h) may be warranted, although the 
clinical effectiveness of doses exceeding 6 mg per 24 h is uncertain.  

9.4.6     Miscellaneous Agents 

 While therapeutic drug monitoring is not routinely conducted for antidepressants 
other than TCA, there are reference ranges that have been established for some 
antidepressants. The recommended therapeutic range for mirtazapine, for example, 
is 30–80 ng/mL with toxic levels estimated at 160 ng/mL [ 190 – 192 ]. However, the 
AGNP consensus guideline does point out that signifi cant relationship between 
drug concentration and therapeutic outcome is lacking for mirtazapine [ 48 ]. 

 The expected plasma levels for vilazodone is 20–50 ng/mL and 5–15 ng/mL for 
the M10 and M17 metabolites. There is insuffi cient data on the expected plasma 
levels for vortioxetine and ketamine.   

9.5     Pharmacogenetic Relationships 

9.5.1     Therapeutic Effects 

 Despite the number of antidepressants available, 30–50 % of patients do not respond 
to the fi rst antidepressant medication and only 30 % of patients achieve remission of 
symptoms [ 139 ,  193 ,  194 ]. In the last decade, pharmacogenomics or “personalized 
medicine” has been successfully used to optimize selection of medications, avoid 
adverse effects, or optimize drug doses [ 195 ,  196 ]. It has been estimated that up to 
42 % of the variance in antidepressant response is associated with genetic variations 
[ 197 ]. 

 Therapeutic effects of SSRI have been attributed to genetic variants of the sero-
tonin transporter gene (5HTTLPR, rs4795541) [ 195 ,  198 ]. Based on the presence of 
either a long ( l ) or short ( s ) allele, patients may have varying response to SSRI; 
patients with the long ( l ) allele, with twice the expression of the serotonin transporter, 
have been shown to have improved response to SSRI. It has been estimated that 
50–60 % of Caucasians and 25–40 % of Asians are carriers of the  l  allele and there-
fore ethnicity may play a critical role in selection of antidepressants [ 195 ,  199 ,  200 ]. 

 Variation in COMT enzyme, responsible for degradation of dopamine and nor-
epinephrine, was also shown to be associated with duloxetine response in major 
depressive disorder as measured by the 17-item Hamilton Rating Scale for 
Depression (HAM-D-17) [ 201 ]. 
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 In addition to acute response to antidepressants, disease remission from major 
depressive disorder has been a major focus of pharmacogenomic studies. In a meta- 
analysis of 33 candidate gene association (CGA) studies between 5HTTLPR and 
antidepressant response, those with  l  allele had a 28 % increased odds of achieving 
disease remission with SSRI than those with  s  allele [ 198 ]. In another CGA, cal-
cium/calmodulin-dependent protein kinases (CaMK) single nucleotide polymor-
phisms (SNP) were signifi cantly associated with remission from depression among 
Chinese patients [ 202 ]. The CaMK pathway appears to be important for neuroplas-
ticity which may be one potential mechanism of antidepressants [ 203 ,  204 ]. As an 
additional evidence for the importance of ethnicity in selection of antidepressants, 
Asians who were homozygote carriers for the serotonin transporter (SLC6A4 
STin2) l allele had a fourfold greater response to SSRI than  s  carriers [ 205 ]. 

 Multiple genes/alleles are involved in determining response to antidepressants 
including brain-derived neurotrophic factor (BDNF), serotonin receptors (HTR1A, 
HTR2A, HTR5), and tryptophan hydroxylase [ 205 ], some which may not have been 
discovered.  

9.5.2     Toxic Effects 

 It is estimated that 30 % of patients discontinue antidepressants within the fi rst 6 
weeks of starting antidepressant treatment [ 206 ]. Pharmacogenomic studies evalu-
ating the toxic effects of antidepressants have been primarily focused on cytochrome 
P450 enzymes, most notably CYP2C19 and CYP2D6 enzymes that are involved in 
metabolism of most currently marketed antidepressants [ 207 ]. Variants of the 
CYP2D6 enzyme can predispose individuals to being classifi ed as ultra-rapid 
metabolizers, extensive metabolizers, intermediate metabolizers, or poor metaboliz-
ers of drugs that undergo metabolism by CYP2D6 [ 208 – 210 ]. In one study, patients 
identifi ed as poor metabolizers who received antidepressants and antipsychotics 
infl uenced by CYP2D6 isoenzyme had signifi cantly more moderate or marked side 
effects compared to individuals identifi ed as UMs [ 211 ]. The impact of side effects 
was notable and associated with signifi cantly longer hospitalization stays compared 
to patients with other metabolizer status [ 212 ]. 

 In a recent Genome-Based Therapeutic Drugs for Depression (GENDEP) study 
report, CYP2C19 and CYP2D6 genotype variants predicted serum concentrations 
of escitalopram and nortriptyline and their metabolites; however, genotype nor 
serum concentrations did not predict treatment response [ 213 ]. These results pro-
vide further evidence that measurement of antidepressant response is complex and 
identifying a specifi c predictable biomarker will be challenging. While there are no 
standard testing recommendations for genotyping patients who are prescribed these 
drugs, the CPIC provides recommendations on dosing of amitriptyline and nortrip-
tyline based on patients’ genotype (ultra-rapid, extensive, and poor metabolizer) for 
CYP2D6 and CYP2C19 isoenzymes [ 214 ,  215 ]. 
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 Vilazodone, during development, was investigated specifi cally for its genetic 
biomarkers that may indicate therapeutic response to the drug. Patients who were 
identifi ed as positive for the M1 biomarker (M1+) was found to have a signifi cantly 
better response to vilazodone as measured by Montgomery-Asberg Depression 
Rating Scale (MADRS) score compared to those taking placebo [ 216 ]. Remission 
rates were also higher in the M1+ group as well. Patients who were M2+ were also 
associated with having higher likelihood of gastrointestinal adverse effects (e.g., 
nausea, vomiting) compared to M2−. Despite these early fi ndings, there is no rec-
ommendation in the prescribing information that advocates for routine testing of the 
M1 biomarker. 

 Based on signifi cant volume of scientifi c evidence, genetic variants appear to 
play a role in determining response and remission to antidepressants and develop-
ment or worsening of adverse effects. There is also increasing evidence that gene- 
environment interactions play a role in treatment response and disease remission but 
methodological challenges exist to study such interactions [ 217 ,  218 ]. The utility of 
pharmacogenetic testing in routine psychiatric practice is unclear, and currently, 
there is no recommendation to conduct testing prior to initiating antidepressant 
treatment [ 219 ]. Signifi cant barriers exist in clinical implementation of pharma-
cogenomic testing and the reality of personalized medicine such as cost of testing, 
clinical decision support for prescribers, and availability of trained healthcare pro-
viders to educate patients. There are legal and ethical dilemmas that exist for pre-
scribers, patients, family members, and society as a whole. Before widespread use 
of pharmacogenomic testing for patients who are about to initiate or have initiated 
treatment with antidepressants, these barriers must be overcome.   

9.6     Conclusion 

 The high prevalence of depressive illness has hastened the development and release 
of a wide range of therapeutic agents, with several unique compounds released within 
the past 3 years. While early exploration of useful antidepressants was heavily infl u-
enced by the monoamine hypothesis, the discovery of agents with more novel and 
complex pharmacological actions has broadened therapeutic options considerably. 
Overall, the pharmacokinetic properties of antidepressants are quite diverse, includ-
ing clinically relevant differences in half-lives, active metabolites, stereoselectivity, 
and inhibitory effects on liver enzymes. Even though routine TDM practices have not 
been implemented for most commonly prescribed antidepressants, clinicians are 
well advised to familiarize themselves with the pharmacokinetic disposition of these 
agents to maximize effi cacy, minimize toxicity, and avoid potential drug interactions. 
Preliminary investigations exploring the merits of pharmacogenetic testing for anti-
depressants have been promising but remain inconclusive at the present time and 
await further study before empiric testing can be justifi ed.     
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    Chapter 10   
 Clinical Pharmacokinetics 
and Pharmacodynamics of Anxiolytics 
and Sedative/Hypnotics                     

       C.     Lindsay     DeVane     

    Abstract     Medications to promote sedation and reduce anxiety and its associated 
symptoms have been sought since recorded history. The development of the benzodi-
azepines represented a major therapeutic endeavor due to their safety profi le espe-
cially when taken in overdose situations compared to the barbiturates and early 
non-barbiturates such as meprobamate. Benzodiazepines continue to be one of the 
most commonly prescribed agents available in a variety of dosage formulations used 
for all age groups. Their pharmacokinetic (PK) and pharmacodynamic (PD) profi les 
have been extensively studied in adult healthy volunteers, the elderly, and patients 
with hepatic and renal impairment. Most benzodiazepines are metabolized by the 
phase I oxidative CYP enzyme system and the remaining agents by the phase II gluc-
uronidation. Many long-acting benzodiazepines are metabolized to an active metabo-
lite desmethyldiazepam. Alprazolam and buspirone were FDA approved for panic 
and generalized anxiety disorders, respectively. Various sedative-hypnotic non-ben-
zodiazepine agents have been developed that are agonists of the alpha-1 GABA-A 
subreceptor site and the melatonin receptors type 1 and 2. All of these agents produce 
common PD effects such as sedation and psychomotor impairment. Benzodiazepines 
also produce antiepileptic actions, muscle relaxation, and anterograde amnesia. 
PK-PD modeling has been conducted for benzodiazepines and non- benzodiazepines 
that mainly focus on sedation and psychomotor impairment. The elderly have more 
pronounced sedative and psychomotor impairment from these agents compared to 
the adult population. Gender can be another signifi cant factor as females were found 
to have signifi cantly higher zolpidem plasma concentrations than males and when 
given comparative doses also displayed more pronounced psychomotor impairment 
which led to the FDA recommendation of lower doses prescribed.  
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10.1       Introduction 

 Drugs used to reduce or relieve the symptoms of anxiety and induce a calmer and 
more relaxed anticipation of future events are known as anxiolytics. Drugs used to 
induce, prolong, or improve the quality of sleep, or produce a partial anesthesia, are 
known as sedative-hypnotics. Often the designation of a drug as having one or more 
of these therapeutic effects is a function of dosage and differences in the degree of 
their pharmacodynamic (PD) effects. Evidence suggests that humans have used 
various plant preparations beginning before recorded history for the purpose of pro-
ducing antianxiety effects and inducing sleep [ 1 ]. Organized drug development over 
the past century has resulted in the synthesis of thousands of molecules for potential 
development as safe and effective anxiolytics and sedative-hypnotics. A few have 
found a place in contemporary therapeutics. The key milestones in this drug devel-
opment process are listed in Table  10.1  [ 2 ].

   This chapter will focus on the marketed anxiolytics and sedative/hypnotics that are 
currently in widespread clinical use. Most of these compounds belong to the benzodi-
azepine class of drugs. Their disposition has been thoroughly studied and summaries 
of this voluminous literature are readily available [ 3 ,  4 ]. This discussion will emphasize 
data that have proven useful in drug selection and dosage regimen design for individual 
patients [ 5 ]. The characteristics of the prototype compounds are summarized and refer-
ences provided for more detailed discussion of the less widely used drugs.  

   Table 10.1    Time line for development of sedative-hypnotics and anxiolytics   

 Prerecorded history 
   Hieroglyphics and pottery artifacts document wine from grape cultivation 
   Alcohol in various fermented beverages appears in many cultures 
 500 BC 
   Opium plant products are smoked or taken orally 
 1721  London Pharmacopoeia describes products made from opium with camphor 

similar to paregoric 
 1800s  Alcohol derivatives are synthesized including paraldehyde and chloral hydrate 
 1800s  Barbiturates (>2500 derivatives) are synthesized; some become enduring products: 

amobarbital, butabarbital, pentobarbital, and secobarbital 
 1950s  Nonbarbiturate sedative-hypnotics are introduced: meprobamate, methaqualone, 

methyprylon; glutethimide; ethchlorvynol 
 1955  Synthesis of the fi rst benzodiazepine, chlordiazepoxide; eventual synthesis of 

hundreds of derivatives 
 1960  Marketing of chlordiazepoxide 
 1963  Marketing of diazepam 
 1963–
1980s 

 Marketing of multiple benzodiazepines with expanding indications 

 1980s  Non-benzodiazepine benzodiazepine receptor agonists are introduced 
 2005  Ramelteon approved in the USA as a melatonin receptor agonist for treatment of 

insomnia 

  From: Allen et al. [ 12 ], Ban [ 1 ], Strang et al. [ 6 ], Wick [ 2 ]  
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10.2     Historical Development of Anxiolytics 
and Sedative-Hypnotics 

 Alcohol may have the most extensive history of drugs being consumed for sedative 
properties. The history begins with beer-like beverages, or mead, being consumed 
in China and the Middle East as early as 6000 BC [ 1 ]. By 2000 BC, the production 
of wine from fermented grapes was wide spread. Natural products were cultivated 
and processed to specifi cally produce behavioral effects. Opium consumption was 
proliferating as early as 500 BC [ 6 ]. For several subsequent centuries, alcohol and 
opium preparations were the only available sedative-hypnotics. Drug development 
during this time was essentially stagnant until solutions of bromide salts appeared 
in the eighteenth century followed by the availability of paraldehyde and chloral 
hydrate in the late part of the nineteenth century [ 7 ]. In 1864, von Baeyer synthe-
sized malonylurea (barbituric acid) from which thousands of derivatives were syn-
thesized in the twentieth century [ 8 ]. Some of these compounds were developed for 
clinical use and became the barbiturate class of drugs. 

 Several barbiturates are still widely used. Sodium thiopental is a rapid-onset gen-
eral anesthetic of the barbiturate class that has been used extensively in surgical 
practice. It recently drew public attention as a primary component of lethal injec-
tions. When shortages of drug supply appeared, its manufacturer became reluctant 
to continue production [ 9 ]. Butabarbital, amobarbital, secobarbital, and pentobarbi-
tal as sedative-hypnotics became widely prescribed in medical practice in various 
oral formulations. A hangover effect of excessive daytime drowsiness is a common 
problem with barbiturate use for sedation. Solid dosage forms of barbiturates are 
relatively inexpensive and are used extensively in some countries, especially in 
Eastern Europe and South America. 

 Phenobarbital was the fi rst modern anxiolytic and is the prototype barbiturate. It 
is still widely used in human and veterinary medicine as an antiepileptic compound. 
It possesses a broad central nervous system (CNS) depressive ability and is capable 
of producing anxiolytic effects at relatively low dosages. A problem with phenobar-
bital common to many barbiturates is hepatic enzyme induction resulting in numer-
ous potential drug-drug interactions. Increasingly profound CNS depression occurs 
with increasing dosage that can ultimately produce anesthesia, coma, respiratory 
depression, and death [ 10 ]. Combining a barbiturate and alcohol produces a syner-
gistic pharmacodynamic depressive effect on the CNS. Numerous accidental deaths 
have been attributed to normal doses of secobarbital or amobarbital when taken with 
alcohol [ 11 ]. The barbiturate’s multiple disadvantages stimulated a search for more 
effective and less dangerous drugs. 

 Development of non-barbiturates with a goal of producing similar antianxiety 
and sedative effects as the barbiturates resulted in marketing of several drugs with 
diverse structures, some of which remain in limited production. Meprobamate, used 
since 1955 as an antianxiety drug [ 12 ], along with methaqualone, ethchlorvynol, 
and glutethimide, as sedative-hypnotics, had similar or more profound liabilities 
than the barbiturates. They were extensively prescribed in the decade preceding the 
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marketing of the benzodiazepines despite increasing recognition of their lethality. 
Overdosage with meprobamate proved notoriously diffi cult to treat [ 13 ]. 
Methaqualone obtained cult status for its ability to produce a dysphoric and disin-
hibitory emotional state that led to its abuse as a date-rape drug that enabled 
unwanted sexual assaults [ 14 ]. It was removed from the US market by 1985. Other 
compounds were also removed or production was discontinued due to low sales 
volume and recognition of their toxicity. These drugs are not discussed further as 
the benzodiazepines and subsequently developed compounds are far better 
alternatives. 

 The availability of effi cacious anxiolytics with predictable dose effects was a 
highly desirable goal of drug development in the middle twentieth century. The 
discovery of the benzodiazepines was the result of the accidental synthesis of chlor-
diazepoxide in 1955 by Leo Sternbach at Hoffmann-La Roche [ 2 ]. In 1960, it was 
marketed for agitation associated with acute alcohol withdrawal and was quickly 
followed by diazepam in 1963. The chemical classifi cation of the benzodiazepines 
derives from the basic structure of a benzene ring adjacent to a 7-membered diaze-
pam ring. The marketed drugs are designated as having a 1,4 or a 1,5 benzodiaze-
pine structure according to the placement of a nitrogen atom at these two sites on the 
diazepam ring [ 15 ]. 

 Hundreds of benzodiazepines have been synthesized and several developed 
between1960 and 1980 have had enduring commercial success. The popularity of 
the benzodiazepines derives from their broad utility and safety. These drugs can be 
prescribed with more impunity from overdose toxicity than any previously available 
anxiolytics and sedative-hypnotics and so have become the preferred treatment for 
most patients. For example, the dose that is lethal for 50 % of the animals in toxicol-
ogy studies (LD 50 ) requires at least ten times the exposure to diazepam as to seco-
barbital [ 16 ]. The selective serotonin reuptake inhibitors (SSRI) have emerged as 
effective anxiolytics in the 1990s and are discussed elsewhere in this text. 

 The World Health Organization (WHO) lists four benzodiazepines on its current 
biannual List of Essential Medicines [ 17 ]. These include midazolam as a preopera-
tive medication and sedative for short-term procedures and lorazepam and diazepam 
as anticonvulsants. Diazepam is also listed as a medicine for anxiety disorders and 
under the category of medicines for common symptoms in palliative care. The same 
three drugs are also regarded as essential drugs for children. A small number of 
alternatives to the benzodiazepines for use as sedative-hypnotics became available 
but have not displaced the essential role of benzodiazepines to any substantial degree. 

 With usage driven by availability in multiple formulations, low toxicity, effi cacy 
in a wide variety of conditions, both medical and psychological, the benzodiaze-
pines are the principle anxiolytics used worldwide. Benzodiazepines have multiple 
uses outside of their FDA-approved indications and are listed in Table  10.2 . The 
dependence-producing properties and propensity for producing withdrawal syn-
dromes in some patients, discussed below, have limited further widespread use of 
the benzodiazepines and related drugs. While most anxiety disorders can be man-
aged with a benzodiazepine alone, the antidepressants, discussed elsewhere, are 
often combined with a benzodiazepine to treat various anxiety disorders.
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10.3        Pharmacokinetic Properties of Anxiolytics 
and Sedative-Hypnotics 

 The benzodiazepines are similar in many physiochemical, pharmacokinetic, and 
pharmacodynamic characteristics. The drugs are highly lipid soluble with good oral 
absorption profi les. Most are extensively bound to plasma proteins but this charac-
teristic has not proven to be of major importance for drug selection. Distribution of 
benzodiazepines is extensive in the body as is expected from drugs that produce 
CNS effects [ 18 ]. This characteristic can occasionally be problematic, for example, 
for infants of women breast-feeding and receiving high doses of diazepam [ 19 ]. 

 The benzodiazepines can be distinguished by different metabolic pathways 
involved in their metabolism. One group of benzodiazepines is primarily oxidized 
by phase I enzymes, predominantly the cytochrome P450 enzymes, resulting in 
demethylated or hydroxylated metabolites. These by-products often possess phar-
macological activity. The metabolites are further conjugated by phase II metabolic 
reactions to glucuronidated metabolites that are inactive and excreted in the urine. 
A second group of drugs undergoes conjugation reactions as the primary means of 
elimination from the body. Drugs in the fi rst category include chlordiazepoxide, 
diazepam, and fl urazepam. Drugs in the second category undergoing  glucuronidation 

    Table 10.2    Major indications of benzodiazepines   

 Indications and additional uses  Drugs of choice/suitable alternatives 

  Anxiety disorders  
 Generalized anxiety disorder  Diazepam, lorazepam, alprazolam, chlordiazepoxide, 

oxazepam 
 Panic disorder  Alprazolam, lorazepam, clonazepam 
 Social phobia  Diazepam, alprazolam 
  Other anxious conditions  
 Preoperative anxiety  Diazepam 
 Conscious anesthesia  Midazolam (IV), diazepam (IV) 
 Critical care ventilation maintenance  Diazepam 
 Delirious states  Diazepam, lorazepam 
 Alcohol withdrawal  Chlordiazepoxide, lorazepam 
 Seizures  Clonazepam (as daily anticonvulsant; diazepam (IV for 

status epilepticus) 
 Nausea and vomiting 
(chemotherapy-related and various 
etiologies) 

 Diazepam; any of the medium to longer-acting 
benzodiazepines 

  Insomnia   Choice dictated by specifi c complaint of diffi culty falling 
asleep; diffi culty maintaining sleep or early morning 
awakening; approved benzodiazepines include 
fl urazepam, estazolam, quazepam, temazepam, and 
triazolam 

  Akathisia from antipsychotic use   Diazepam 
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as their primary route of elimination include oxazepam, lorazepam, and midazolam. 
These metabolic characteristics are displayed in Fig.   19.1    . 

 The PD effects of benzodiazepines are the result of enhancing gamma- 
aminobutyric acid (GABA) neurotransmission [ 20 ]. GABA is the main inhibitory 
neurotransmitter in the CNS. It has three types of receptors but most drug binding 
involves GABA-A receptors and its various subunits. As a class of drugs with mecha-
nisms of action involving GABA, the benzodiazepines are considered to possess anx-
iolytic, anticonvulsant, sedative, hypnotic, and skeletal muscle relaxant properties. 
This complex pharmacology has been the subject of extensive investigation [ 21 ]. The 
drugs decrease the subjective experience of anxiety and, according to the dose, pro-
duce a mild sedation that can be increased to the level of anesthesia with suffi cient 
drug administration. An amnestic effect can be produced that is characterized by an 
anterograde memory impairment [ 22 ]. This is an often cited advantage for certain 
surgical or dental procedures to minimize recall of pain. Some studies have claimed 
a more favorable anticonvulsant effect with drugs belonging to the 1,5-benzodiaze-
pine structural class. However, effective anticonvulsants have been developed from 
both the 1,4 (diazepam) and 1,5 (clobazam) categories of benzodiazepines [ 23 ]. 

 The choice of a specifi c drug often involves matching the agent’s elimination 
half-life with the therapeutic PD effects as needed for acute or chronic anxiolytic 
treatment. A choice can be made to allow dosing just once daily and requiring little 
tapering upon discontinuation to avoid a return of baseline or rebound symptoms. 
Further considerations pertaining to individual drugs are given below. A summary 
of the major benzodiazepine pharmacokinetic properties and clinical pharmacoki-
netic data of value in clinical practice are presented in Table   19.1    .  

10.4     Specifi c Benzodiazepine Anxiolytics 

  Alprazolam     This (1,4)-benzodiazepine in 1981 was the fi rst drug FDA approved 
specifi cally for panic disorder. Randomized controlled trials using placebo, tricyclic 
antidepressants, and monoamine oxidase inhibitors had established its effi cacy to 
reduce the number of panic attacks and also lessen the symptoms of agoraphobia 
[ 24 ]. Experience has shown that the onset of its anxiolytic effects is rapid, within 2 h 
following oral administration, but the drug demonstrates a fairly limited period of 
pharmacodynamic effects due to an intermediate elimination half-life. Its develop-
ment paralleled the increase in public awareness of the dysfunctionality associated 
with panic disorder [ 25 ]. The effective daily dosage is generally higher than that 
needed to treat generalized anxiety disorder, the FDA-approved indication for most 
anxiolytic benzodiazepines. Total daily dosage of alprazolam in clinical practice 
often exceeds 4 mg per day with an occasional patient requiring over 8 mg daily. 
Unfortunately, this dosage increases the risk and severity of dependence. This is 
evident by the diffi culty some patients experienced in decreasing or discontinuing 
treatment. Fortunately, evidence for the development of tolerance to the antipanic 
effects with long-term administration is lacking [ 26 ].  
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 Alprazolam quickly became the most widely prescribed benzodiazepine shortly 
after its marketing. Given its success in treating panic symptoms, other benzodiaz-
epines were tested in clinical trials and several have since received FDA approval. 
Notably, patients requiring long-term treatment for periods longer than 4–6 months 
are often switched to clonazepam allowing a reduction in number of doses per day 
to a single administration [ 27 ]. This benefi t refl ects the longer elimination half-life 
(range 18–50 h) and slower clearance of clonazepam. 

 The gastrointestinal absorption rate of alprazolam is rapid, with peak plasma 
concentrations occurring within 1–4 h after administration so its antianxiety effects 
are felt almost immediately. Alprazolam was shown to be well absorbed from the 
buccal mucosa so that patients in stressful situations, when liquids to facilitate oral 
administration are unavailable, can still obtain anxiolytic effects by placing the drug 
dose under the tongue for sublingual absorption. Alprazolam has been marketed in 
multiple formulations and dosage strengths but only for oral administration. 
Alprazolam can be administered via the sublingual route with similar absorption 
properties as the oral route [ 28 ]. 

 As a CYP3A4 substrate, alprazolam is subject to drug-drug interactions from 
multiple metabolic inducers or inhibitors to increase or decrease clearance [ 29 ]. It 
has an intermediate elimination half-life in adults, and treatment of panic disorder 
often requires the drug to be administered two to three times a day in order to main-
tain relatively stable plasma drug concentrations. Once-daily dosing may create a 
situation of excessive drowsiness for a short period of time after drug administration 
with breakthrough anxiety occurring near the end of an 8–12 h dosage interval. 
Clinical trials that established the effi cacy of alprazolam in panic disorder showed 
that 6–12 mg/day in treatment-resistant patients could reduce multiple daily panic 
attacks to a frequency of only a few attacks a week. 

 Plasma concentration ranges have not been defi ned that serve as guidelines for 
target dosing. Adjustment of daily dosing to achieve the optimal effi cacy is empiri-
cal, allowing enough time for a new steady state to occur between adjustments to 
evaluate therapeutic effects. A problem that became apparent with alprazolam after 
several years of experience was the diffi culty in withdrawing some patients from 
high daily dosing regimens when a reduction in dosage or discontinuation was 
desired [ 30 ]. 

 General guidelines that have become widely accepted to reduce the total daily 
dose include a recommendation to reduce no faster than one-fourth of the total dose 
each week. With this approach, a patient desiring to eliminate alprazolam would 
reduce a 4 mg/day dosing regimen by 1 mg per day for 1 week, followed by a sec-
ond reduction of an addition mg to 2 mg/day the second week and continuing until 
a satisfactory goal was reached or until breakthrough anxiety and panic attacks 
defi ned the minimum maintenance dose. Alternatively, many patients can be 
switched to a benzodiazepine with a longer elimination half-life to prevent or mini-
mize a withdrawal syndrome. Clonazepam has been a favorite choice [ 31 ]. 

 Alprazolam was briefl y investigated in clinical trials during the 1980s for antide-
pressant effects as its safety in overdosage is far superior to the tricyclic antidepres-
sants, the other drug category used for the treatment of panic disorder during this 
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time. This would be an advantage in suicidal patients [ 32 ]. However, evidence for 
antidepressant effects has not been convincing and subsequently tested benzodiaz-
epines such as adinazolam were not found to be any better for depression. 

  Chlordiazepoxide     As previously described, chlordiazepoxide was the fi rst com-
pound synthesized in the benzodiazepine class and the fi rst marketed, initially with 
a primary indication for use in alcohol withdrawal. Chlordiazepoxide and diazepam 
were further differentiated by their manufacturer, Hoffmann-La Roche, by market-
ing in different formulations. Chlordiazepoxide was formulated into capsules while 
diazepam was formulated in tablets. The latter eventually became available in 
sustained- release capsules, oral solution, parenteral form, and suppository form for 
rectal administration. Chlordiazepoxide became part of the standard of care for 
alcohol withdrawal and has retained this recommendation [ 33 ]. Intramuscular (IM) 
injection of 25–100 mg every 8 h has been the recommended dose to minimize 
agitation, promote sleep, and suppress epileptiform withdrawal seizures. An advan-
tage of chlordiazepoxide is its relatively long elimination half-life so that it contrib-
utes to a smooth course of alcohol withdrawal. Oral doses may be similar on a daily 
basis divided into several administrations. A pharmacokinetic study demonstrated 
oral absorption was reasonably rapid and complete suggesting that oral administra-
tion could be as useful as IM dosing [ 34 ].  

 With an elimination half-life of medium duration, chlordiazepoxide is a versatile 
drug for anxiety if immediate relief of symptoms is not needed due to its relative 
slow absorption profi le. It has multiple pathways of elimination that do not produce 
pharmacologic active metabolites. 

 Also, use in liver disease, old age, and situations where CYP induction/inhibition 
would be problematic, chlordiazepoxide is an advantageous choice [ 35 ]. 

  Clobazam     This (1, 5)-benzodiazepine has been marketed since the mid-1970s in 
many countries outside the USA for the treatment of epilepsy. It is only available 
orally and has the claimed advantage of producing less sedation than clonazepam 
[ 36 ,  37 ]. Such differences may be due to affi nity for two different subunits of the 
GABA-A receptor complex [ 38 ]. However, tolerance to its anticonvulsant effects 
has been a disadvantage, and animal studies showed it to be more susceptible to 
development of tolerance than clonazepam [ 39 ]. Tolerance to the anticonvulsant 
effects develops more quickly to both clobazam and clonazepam than to valproate 
which may account for a lack of popularity of the benzodiazepines for this use.  

  Clonazepam     An anticonvulsant effect is a characteristic common to several ben-
zodiazepines, notably diazepam in addition to clonazepam and clobazam. 
Clonazepam has found a role in substituting for alprazolam when a longer-acting 
antipanic effect is desired, and diazepam has the advantage as an anticonvulsant in 
being available in parenteral dosage forms. This becomes important when an anti-
convulsant effect is needed urgently for indications such as status epilepticus.  

  Clorazepate     This orally administered drug is rapidly converted to desmethyldiaz-
epam, the same molecular entity that is the long-acting metabolite of diazepam. 
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Lacking any intrinsic pharmacological activity, clorazepate is a prodrug for des-
methyldiazepam and should be expected to have many of the same qualities as this 
metabolite with a long elimination half-life of 20–179 h.  

  Diazepam     Diazepam is the prototype 1,4-benzodiazepine. Early in its development, 
it was found to be more potent than chlordiazepoxide as a sedative, anticonvulsant, 
and muscle relaxant [ 40 ]. However, the pharmacologic effects of the benzodiaze-
pines are quite similar across drugs and what often determines their preferred use has 
been differences in dosage, their pharmacokinetic characteristics in the intended 
population, and the availability of evidence for effi cacy. The anxiolytic effects are 
mediated by alpha-2 GABA-A receptors, while the sedative effects and antiepileptic 
effects appear to involve alpha-1 GABA-A receptors [ 20 ]. Myorelaxant actions of 
diazepam appear to arise from actions at alpha-2 or alpha-3 GABA-A receptors. 
Diazepam, in comparison to chlordiazepoxide, was developed more extensively by 
Hoffmann-La Roche for multiple indications that covered the entire life span. These 
included anxiety during labor and delivery, childhood epilepsy, and symptoms of 
anxiety in adult and elderly patients with both acute and chronic symptoms. Diazepam 
became the most prescribed drug in the USA from 1969 to 1982 [ 41 ].  

 The benzodiazepines have physiochemical properties of lipid solubility and pKa 
values corresponding to non-ionization at physiological pH suggesting absorption 
should be relatively unhindered by physiological barriers. Diazepam has a rapid 
absorption through the gut wall and then through the cerebral capillaries, producing 
a potent CNS drug concentration within minutes after oral absorption. This rapid 
distribution results in immediate pharmacodynamic effects. However, the same 
physiological chemical properties that lead to an immediate pharmacologic effect 
also contribute to a rapid distribution throughout the body that effectively reduces 
the CNS concentration in favor of increasing drug concentrations in other tissues. 
As this process continues, hepatic metabolism of diazepam is forming desmethyldi-
azepam (DMD), a metabolite with similar pharmacological activity. As DMD 
increases in the body, pharmacodynamic effects are prolonged due to the slow elim-
ination half-life of DMD. 

 Diazepam is the prototype benzodiazepine and likely the most important drug of 
its class due to its historical signifi cance. The oral bioavailability is nearly complete. 
Depending upon the patient’s previous experience with the drug, the initial percep-
tion of pharmacodynamic effects after oral administration may be felt as a diminu-
tion of anxiety, a slight sedative effect, or a slight dysphoric effect. The metabolism 
of diazepam is by CYP2C19 and CYP3A. Upon dosing to steady state, the DMD 
metabolite eventually assumes a higher plasma concentration than the parent drug. 
The metabolite is eliminated much more slowly with an average half-life of 36–96 h. 
For forensic investigations, the presence of DMD in the plasma is consistent with 
the patient having taken a diazepam dose sometime in the past 3–4 days. 

 When plasma albumin concentration is low, as often occurs in elderly patients, 
usual daily doses of diazepam can produce exaggerated pharmacologic effects and 
adverse events [ 42 ]. Standard dosage increases should proceed cautiously in the 

10 Clinical Pharmacokinetics and Pharmacodynamics of Anxiolytics



256

elderly with low albumin to avoid increased drug intolerance. Whenever diazepam 
is discontinued, the possibility of withdrawal symptoms should be kept in mind. 
The sudden loss of receptor occupancy can result in a return or relapse of symptoms 
and occasional rebound of anxiety more intense than that originally experienced 
before treatment. This situation requires that drug withdrawal occur slowly, some-
times over weeks or months, to avoid any withdrawal syndrome. 

  Lorazepam      Lorazepam has the distinction of being a benzodiazepine available in 
both oral and parenteral dosage forms and being metabolized by phase II glucuroni-
dation. These characteristics contribute to its versatile anxiolytic and antiepileptic 
actions with low concern for use in patients with hepatic diseases. Lorazepam is 
used extensively by intramuscular, intravenous, and oral administration.  

  Midazolam     Midazolam is well absorbed by various routes of administration but is 
only available in the USA in a parenteral formulation. It has proven to be useful for 
producing a state called “conscious anesthesia” allowing procedures such as endos-
copy to be performed without pain and limited recall memory for the actual proce-
dure. The level of vital sign monitoring usually provided by anesthesiologists in 
surgical settings is often unnecessary. Other uses include maintenance of mechani-
cal ventilation, treatment of intractable seizures, and palliative sedation [ 43 ]. The 
drug’s clinical utility is facilitated by a pharmacokinetic profi le of a short elimina-
tion half-life and a lack of active metabolites. Midazolam is subject to numerous 
drug-drug interactions from induction or inhibition of CYP3A4 [ 44 ].  

  Oxazepam     Oxazepam is a metabolite of diazepam that was developed as a sepa-
rate drug. Following diazepam administration, oxazepam is usually formed to such 
a minor extent that it is not quantifi able in plasma and likely contributes minimally 
to the therapeutic effects of diazepam. It is further metabolized to a glucuronide 
conjugate and excreted in the urine. By developing the drug separately as a pre-
formed product, a major distinguishing feature of both oxazepam and lorazepam is 
that they are metabolized by phase II enzymes to glucuronides and then largely 
renally excreted as highly water-soluble compounds. This route of elimination and 
the characteristics of lower lipid solubility confer several major differences between 
the drugs. Metabolism by phase II enzymes typically means less susceptibility to 
drug interactions compared to drugs metabolized by phase I oxidative enzymes such 
as CYP3A4. Oxazepam is available in oral form. Lorazepam or oxazepam may be 
preferred in elderly patients or those with coexisting hepatic dysfunction as their 
metabolism is less affected by age and liver disease due to a metabolic profi le that 
mostly involves glucuronidation by liver enzymes [ 35 ,  45 ].   

10.5     Non-benzodiazepine Anxiolytics 

  Buspirone     This drug was introduced into clinical practice in 1986 to treat general-
ized anxiety disorder and quickly became widely prescribed as the fi rst non- 
dependence- producing anxiolytic with comparative effi cacy to the benzodiazepines 
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[ 46 ]. The FDA approval was for generalized anxiety disorder and the drug was 
shown to be ineffective for panic disorder. The initial impression of its effectiveness 
was not sustained as it appeared that patients who were benzodiazepine naive 
responded better than those who were switched from a benzodiazepine to avoid an 
adverse drug event (drowsiness, dependence). The elimination half-life of buspi-
rone is only about 2 h which is short for use in treating chronic anxiety and therefore 
the drug must be dosed multiple times per day. The drug has found other uses 
including reduction of marijuana use dependence and in reducing tobacco smoking. 
Because it lacks a perceptible antianxiety effect upon immediate administration, 
patients and clinicians must wait for several weeks to fully evaluate its benefi ts in 
chronic anxiety disorders. Unlike the benzodiazepines, there is less concern for 
pharmacodynamic interactions with dependence-producing drugs. Buspirone is 
often used as an alternative anxiolytic in patients who are at risk to escalate dosage 
and become dependent. However, this population, sometimes with an extensive his-
tory of benzodiazepine use, has reported that the therapeutic effects of buspirone are 
disappointing or nonexistent. For this reason, buspirone may be a good choice for 
patients with mild anxiety who are benzodiazepine naive.  

 The usual daily dose is divided into two dosage intervals using a total dose of 
10–15 mg initially and not exceeding 60 mg daily. Several weeks of continuous 
therapy may be needed to produce full benefi ts at a given dosage level. Buspirone’s 
clearance is subject to inhibition by CYP3A4 inhibition so interactions with strong 
inhibitors of this enzyme should be anticipated or avoided. Studies of buspirone’s 
plasma concentration in relation to clinical effects have not found drug concentra-
tion ranges that serve as biomarkers of effect, i.e., dosage is titrated according to 
clinical effects. It is possible that a therapeutic plasma concentration range exists, 
but plasma concentrations from usual doses of buspirone are generally in the low 
ng/ml range, making it diffi cult to conduct well-designed concentration versus 
effect studies.  

10.6     Benzodiazepine Sedative-Hypnotics 

  Estazolam     This (1,4)-benzodiazepine was developed in the 1970s for oral admin-
istration as a sedative-hypnotic with a relatively long elimination half-life (range 
8–31 h, mean of 19 h [ 47 ]. Because of this characteristic, estazolam has a liability 
for producing a hangover effect the morning after administration [ 48 ]. Thus, it has 
not been as well received as similar drugs without the carryover effect.  

  Flurazepam     This benzodiazepine was the fi rst specifi cally marketed for insomnia 
and was therefore highly successful, especially when considered against the major 
sedative-hypnotics available in the 1970s (glutethimide, ethchlorvynol, methaqua-
lone). Flurazepam is rapidly absorbed from the gastrointestinal tract producing its 
maximum concentration in plasma within 30–60 min. It behaves similarly to diaz-
epam with plasma drug concentration rapidly rising and then falling to be replaced 
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by active metabolites that sustain and prolong the sedative effects of the parent drug. 
The elimination half-life of fl urazepam is short, less than 2 h, but its active metabo-
lites,  N -1-hydroxyethylfl urazepam and desalkylfl urazepam have half-lives of 2–4 h 
and 36–100 h, respectively. The overall pharmacodynamic profi le becomes one of 
rapid sedative effects with an intermediate metabolite to sustain sleep and a long- 
acting metabolite that minimizes or prevents any early morning awakening. While 
this profi le sounds ideal, for many patients, including most elderly patients, the slow 
accumulate of the desalkyl metabolites causes a morning after cognitive impair-
ment. Patients can awaken with diffi culty arising due to an excessive sedation.  

  Temazepam     Temazepam, like oxazepam, is another minor metabolite of diazepam 
that has been developed as a separate drug [ 49 ]. However, it has no pharmacologi-
cally active metabolites so the pharmacodynamic effects theoretically relate to only 
the parent drug concentration in the CNS. An initial formulation for oral administra-
tion released the drug too slowly to be effective at reducing the time to sleep onset, 
but this defi cit was corrected to take advantage of the drug’s rapid absorption in 
subsequent formulations [ 50 ]. Following rapid absorption, temazepam undergoes 
conjugation with a minor degree of demethylation giving the drug an overall elimi-
nation half-life of 3–15 h. It’s clinical trial data support effi cacy for both promoting 
sleep onset and prolonging total sleep time [ 51 ].  

  Triazolam     This benzodiazepine is characterized by a short half-life, approximately 
1.5 h, like fl urazepam, but it doesn’t possess long-acting metabolites. This gives it a 
unique profi le of being able to hasten sleep onset but not provide effective sedation 
during the night for patients who either have middle of the night awakening or need 
to prolong total sleep time. This is an advantage for situations such as jet lag when 
only a brief treatment of insomnia is needed but presents problems if the patient 
must take the drug for more than a few days. Problems include development of 
tolerance, rebound insomnia, and dependence [ 52 ,  53 ]. In addition, some patients 
have reported a disinhibition and amnestic effect from taking triazolam. For patients 
naive to this drug, it is advisable to try a test dose at home or under familiar circum-
stances before taking a dose to induce sleep while fl ying or in an unfamiliar setting 
where awakening with disorientation may be hazardous. As triazolam is metabo-
lized by CYP3A4, inhibitory drug-drug interactions are potential hazardous [ 54 ].  

  Quazepam     Like other (1, 4)-benzodiazepines, quazepam was developed in the 
1970s as a sedative-hypnotic. It has multiple metabolites that produce a combined 
pharmacodynamic profi le of rapid-onset and sustained effects [ 55 ]. It is partially 
metabolized to desalkylfl urazepam which creates a potential disadvantage of accu-
mulation upon chronic dosing to contribute to daytime sedation [ 56 ]. This charac-
teristic can be undesirable for some patients, especially the elderly [ 57 ]. Thus, its 
commercial value has been less successful than other sedative-hypnotics. 
Nevertheless, it has a useful profi le that should be applicable to many patients. In a 
sleep laboratory study comparing quazepam to triazolam [ 58 ], both drugs increased 
total sleep time but withdrawal favored quazepam which produced less rebound 
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insomnia. Similar to the non-benzodiazepines (zolpidem), its onset of sedative 
effects can be signifi cantly impaired or eliminated if taken with food which decreases 
both the rate and extent of absorption [ 59 ].   

10.7     Non-benzodiazepine Sedative-Hypnotics 

 The pharmacokinetic properties of these agents are presented in Table  10.3 . Overall, 
these agents are rapidly absorbed with a  T  max  of under 2.0 h and possess an elimina-
tion half-life less than 3 h except for eszopiclone and suvorexant which are about 
6 h and 12 h, respectively.

    Eszopiclone     Three similar drugs, zolpidem, zopiclone, and eszopiclone, were all 
marketed after the benzodiazepines and are all specifi c agonists at the benzodiaze-
pine GABA-A alpha-1 subreceptor site. This confers the sedative-hypnotic proper-
ties but not anticonvulsant effects from GABA-A affi nity. These drugs are all short 
acting and used exclusively as sedative-hypnotics. The S-enantiomer of zopiclone, 
eszopiclone, has about 50 times the affi nity at the GABA-A receptor-binding com-
plex than the racemic compound. It is highly metabolized, producing several active 
metabolites from biotransformation mediated by CYP3A4 and CYP2E1 [ 60 ]. It is 
well absorbed orally, but when taken with food, its absorption rate slows and is mir-
rored by a lesser effect on deceasing sleep onset. The dosage recommended is 
between 1 and 2 mg at bedtime [ 61 ].  

  Ramelteon     This is the fi rst successful melatonin receptor agonist to be marketed 
for the treatment of insomnia in 2005. While melatonin had been discovered in the 
early part of the twentieth century, its receptor was not cloned until the 1990s [ 62 ]. 
Multiple receptors are found in the central nervous system with some in the supra-
chiasmatic nucleus involved in circadian rhythm and sleep [ 62 ]. Ramelteon has 
been especially recommended for its effects on decreasing the time to sleep onset. 
Ramelteon is primarily metabolized by the CYP1A2 and to a minor extent, CYP2C 

    Table 10.3    Pharmacokinetic properties of the non-benzodiazepine sedative-hypnotics [ 60 ,  64 ,  67 , 
 68 – 70 ]   

 Drug   T  max  (h)  Metabolism   V / F  (L)  T1/2  β  (h) 

 Eszopiclone  1.6  CYP3A4, CYP2E1  132  6.0 
 Ramelteon  1.6  CYP1A2  N.R.  1.3 
 Suvorexant  2.0  CYP3A4, 

 CYP2C19 
 49  12 

 Tasimelteon  2.0  CYP1A2, CYP3A4  56–126  1.3–3.7 
 Zaleplon  1.4  Aldehyde oxidase  285  1.0 
 Zolpidem  1.4  CYP3A4  70  2.1 

   T   max   time to maximum plasma concentration,  CYP  cytochrome P450,  V/F  distribution,  L  liters, 
 T1/2 β  elimination half-life  
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and CYP3A4. The recommended dosage is 8 mg about 30 min before the desired 
bedtime [ 63 ]. Age but gender was reported to signifi cantly affect drug clearance as 
the elderly had a much lower ramelteon mean clearance (384 ± 84 ml/min/kg vs. 
883 ± 175 ml/min/kg,  p  < 0.01) [ 64 ].  

  Suvorexant     This agent is the fi rst in class as a distinct pharmacologic for the treat-
ment of insomnia. Suvorexant is an orexin receptor antagonist where orexin neurons 
have been located in the lateral hypothalamus. Receptor antagonism is suggested to 
promote sleep by blocking the brain’s orexin-mediated wake system, enabling tran-
sition to sleep [ 65 ]. Suvorexant pharmacokinetic properties are shown in Table  10.3 . 
The FDA recommended cautious dose escalation in obese females with a noted 
increase in suvorexant area under the plasma concentration time curve (AUC) and 
 C  max  by 46 % and 25 %, respectively [ 66 ]. Suvorexant 40 and 150 mg lacked 
 signifi cant effects on respiration during sleep as measured by oxygen saturation and 
promoted sleep effi ciency [ 65 ].  

  Tasimelteon     A slight change in the structure of ramelteon results in tasimelteon. 
This drug is a melatonin receptor MT1 and MT2 agonist specifi cally recommended 
for a diagnosis of disturbances in the sleep-wake cycle [ 67 ]. This agent is available 
only in a 20 mg capsule and is metabolized extensively by CYP1A2 and CYP3A4 
and prone to many signifi cantly drug-drug interactions. When taken with a high-fat 
meal, the agent’s  T  max  and  C  max  was increased by and reduced by 1.75 h and 44 %, 
respectively. Therefore, tasimelteon is recommended to be taken without food [ 66 ]. 
Hepatic or renal impairment was shown not to signifi cantly alter tasimelteon dispo-
sition, and dosage adjustments were not suggested [ 68 ].  

  Zaleplon     With a biological half-life of only 1–1.5 h, zaleplon is used primarily to 
reduce diffi culty in falling asleep. It can be expected to be less effective or not effec-
tive at eliminating early morning awakening or prolonging sleep time. Zaleplon is 
metabolized by the aldehyde oxidase and CYP3A4 [ 70 ]. Its potency and rapid onset 
of effects are reasons to use lower doses in the elderly and only administer for bed-
time use [ 61 ].  

  Zolpidem     With a biological half-life of 2–3 h, zolpidem should be nearly as effec-
tive as zaleplon at reducing sleep latency but also provide some degree of benefi t for 
middle of the night awakening. Zolpidem is metabolized by CYP3A4 and other 
CYP enzymes [ 71 ]. Like triazolam, zolpidem has numerous anecdotal reports of 
causing disinhibition reactions and loss of memory for the time around drug admin-
istration. These problems seem to be present in a greater degree in women and in the 
elderly [ 72 ]. Females were found to have zolpidem concentrations signifi cantly 
greater than males  C  max /dose ( p  < 0.001) and AUC/dose ( p  < 0.001), but weight- 
normalized clearance and elimination half-life did not reach signifi cance [ 72 ]. A 
lower dosage recommendation for females was FDA approved.   
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10.8     Clinical Pharmacodynamic Modeling 

 Benzodiazepines produce these PD effects of antiepileptic and anxiolytic actions, 
muscle relaxation, and sedation [ 61 ]. Benzodiazepines also can cause anterograde 
amnesia but each benzodiazepine may produce different dose-dependent effects on 
various memory parameters such as immediate versus delayed recall [ 22 ]. 
Benzodiazepines also produce physical dependence, tolerance, and withdrawal 
symptoms [ 73 ]. Non-benzodiazepine sedative-hypnotics are designed for sleep dis-
orders such as insomnia and non-24 h sleep-wake disorder. Except for physical 
dependence and antiepileptic activity, benzodiazepines and non-benzodiazepine 
agents have been extensively modeled for their PD effects. 

 The kinetics of a PD response has been previously described as a link from a 
drug’s pharmacokinetic properties where the  E  max  and sigmoidal  E  max  models 
evolved with hysteresis loops for drug effi cacy and tolerance developed [ 74 ]. 
Diazepam free plasma concentrations were correlated to the digit symbol substitu-
tion test (DSST), and wheel tracking indicated a tolerance hysteresis loop develop-
ment which matches its memory impairment and sedative action [ 75 ]. A further 
extensive study reported that alprazolam and diazepam but not lorazepam showed 
development of acute tolerance that was related to the drug concentrations [ 76 ]. 
Alprazolam single doses of 2, 4, 8, and 10 mg were given to healthy volunteers and 
the medication displayed linear pharmacokinetic properties. Alprazolam’s PD 
effects reported a concentration-effect curve to a clockwise hysteresis loop related 
to the distribution rate into the systemic circulation [ 77 ]. Pharmacokinetic and PD 
models have been evaluated with various benzodiazepines [ 78 – 80 ]. Lorazepam PD 
was reported to have signifi cant effects on memory impairment in the elderly with-
out signifi cant actions on mood, sedation, or anxiety [ 81 ]. Benzodiazepines, when 
used in the elderly, should be prudently prescribed with a careful assessment of their 
risks and benefi ts. 

 Both zaleplon and zolpidem were found to have dose and concentration- 
dependent PD effects on the DSST scores and other psychomotor actions in adult 
healthy volunteers [ 82 ]. Zaleplon, zolpidem, and eszopiclone were reported to have 
a lesser effect than the benzodiazepines on memory impairment [ 70 ]. Signifi cantly 
greater zolpidem concentrations were reported for elderly males and females com-
pared to adult healthy volunteers (AUC 40 %, elderly females and 31 % elderly 
males,  p  < 0.01) [ 83 ]. A recent survey in emergency departments reported that per-
sons >65 years taking zolpidem had the highest rates of adverse events when evalu-
ated in the emergency room [ 84 ]. As previously indicated, adult females also had 
signifi cantly higher zolpidem serum concentrations than adult males [ 72 ]. The PD 
effects were assessed by the DSST, reaction times, and memory tests. Zolpidem 
doses of 1, 1.75, and 3.5 mg led to dose-dependent impairment in all PD effects, and 
these enhanced PD actions (e.g., reduced DSST scores) were more pronounced in 
the female group compared to the male group. Based upon the pharmacokinetic and 
PD effects of zolpidem on females, the FDA recommended that lower doses be 
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prescribed in the package insert. Therefore, both age and gender play a signifi cant 
role in zolpidem disposition and PD actions. Careful patient monitoring is needed 
for these agents when used in females and the elderly population.  

10.9     Conclusions and Future Directions 

 The value of pharmacokinetics and PD are often conceived as deriving from know-
ing a desired plasma drug concentration range is a target for designing drug dosage 
regimens. This is particularly useful when linearity of metabolism is maintained 
with increasing total amount of daily dose. Substantial experimental evidence exists 
for linear pharmacokinetics of benzodiazepines across the usual daily dose range. 
Under these conditions, if half the desired plasma concentration is produced from a 
given dose, then the target concentration should be achieved by doubling the dose. 
However, for the anxiolytics and sedative-hypnotics, the results of plasma concen-
tration versus PD effect studies have not identifi ed rigorous target concentration 
ranges associated with optimal therapeutic effects. 

 However, there remains value in knowing the general characteristics of a drug’s 
pharmacokinetics. Knowledge of metabolic pathways and a drug’s affi nity for 
inhibiting or inducing drug-metabolizing enzymes can be valuable in avoiding 
drug-drug interactions. The elimination half-life is especially useful in guiding the 
time between dosage adjustments that are necessary for the patient to reach a new 
steady state following either an increase or decrease in daily drug dosage. 

 The necessity of sleep for maintenance of health appears to be an absolute 
requirement in all members of the animal kingdom. The variability in the tempo-
ral patterns of sleep is broad, from quick naps to hibernation. The species vari-
ability can be astounding. What appears to be a universal characteristic is that 
deprivation of sleep eventually leads to a deterioration of the organism’s func-
tioning and if maintained for a suffi cient period, can even lead to death. However, 
the ability to go for long periods without sleep is benefi cial for the survival of 
many organisms, but eventually sleep must occur. During the past two centuries, 
humans have been drawn to and have exploited chemical means of both increas-
ing and decreasing sleep, usually for the purpose of improving performance or 
promoting health. 

 The use of prescription and nonprescription drugs to treat sleep disorders is 
extensive in the USA and most countries around the world. As the FDA requires that 
new drugs introduced into the market in the USA be safe and effective, then a sub-
stantial research effort is expended to develop these compounds. The proper use of 
these drugs requires an extensive knowledge of pharmacology, physiology, medi-
cine, and other aspects of health that are infl uenced by the ingestion of the sedative- 
hypnotics. They are certainly not without potential harm and have been a favorite 
for suicide attempts by drug overdose historically. 

 The specifi c indications for use of benzodiazepine drugs shown in Table  10.2  
have developed as a result of specifi c marketing efforts by manufacturers in a 
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desire to differentiate products when more than one benzodiazepine were  developed 
by the same company. Other infl uences included the period of time in the develop-
ment of the drug class when a new molecule appeared and the desire to expand the 
market with new drugs for new indications rather than repurposing existing drugs 
for additional uses. The specifi city has also been guided to some extent by the dif-
ferences in metabolism of a few drugs. For example, fl urazepam and oxazepam 
which are glucuronidated after absorption as their major pathway for disposition 
from the body confers some stability in the range of clearance for patients with 
hepatic disease, advanced alcohol abuse, or aging. Also, the presence of pharma-
cologically active metabolites has served as a basis for choosing one drug over 
another. Finally, the inherent rate at which some drugs are absorbed from the gas-
trointestinal tract may be faster than others thus conferring a more desirable profi le 
as a sedative-hypnotic. 

 Although the benzodiazepines’ dominance of the market for conditions requiring 
antianxiety effects or sedation has been overwhelming, a few compounds have been 
developed that have found a place in pharmacotherapy. These include buspirone as 
an oral anxioloytic and suvorexant, ramelteon, and tasimelteon for sedation. The 
“Z” drugs, eszopiclone, zaleplon, and zolpidem, have gained wide acceptance for 
their use in the treatment of acute and chronic insomnia.     
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    Chapter 11   
 Opioid Analgesics                     

       Sally     K.     Guthrie       and     Christian     Teter     

    Abstract     Opioid analgesics represent a major therapeutic approach to pain 
 management but challenge clinicians and healthcare systems for appropriate usage 
and long-term patient benefi ts. Opioids can be full agonists and partial agonists–
antagonists for therapeutic effects that involve the mu, kappa, and delta opioid 
receptors. Opioids can be administered by different routes that include intravenous, 
intramuscular, oral, sublingual, transdermal, nasal spray, and rectal suppositories. 
Opioids can be short-acting and medium-acting agents based upon their elimination 
half-life that requires multiple daily dosing regimens. Sustained-release formula-
tions have been developed for several opioids. The transdermal formulation allows 
for once- daily application. Some opioids are metabolized by the CYP enzyme sys-
tem, while other opioids are primarily metabolized via glucuronidation. Depending 
upon the opioid, these agents are metabolized to active metabolites that possess 
analgesic effects that can be greater than, equal to, or less than the parent drug. 
Morphine has been the prototypical opioid analgesic agent and its pharmacokinetic 
and pharmacodynamic profi le extensively studied in various patient populations. 
Besides their therapeutic analgesic effects, opioids can produce a variety of adverse 
effects related to their pharmacokinetic and pharmacodynamic actions that includes 
physical dependence, tolerance, respiratory depression, cardiovascular effects, 
sedation, cognitive impairment, gastrointestinal effects, histamine effects, and mio-
sis. An integrated pharmacokinetic–pharmacodynamic approach to opioid treat-
ment can lead to its optimal pharmacotherapy.  
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11.1       Introduction 

 The term “opioids” encompasses all agents that bind to opioid receptors and includes 
endogenous opioids, such as met- and leu-enkephalin, and dynorphin, as well as 
exogenous opioids. The endogenous opioid system includes mu ( μ ), kappa ( κ ), and 
delta ( δ ) receptors, and opioids may act as agonists, partial agonists, or antagonists 
at any one or combination of these receptors [ 1 ,  2 ]. 

 Morphine, the gold standard opioid, is derived from the opium poppy. Opium is 
one of the oldest known drugs, with reports of use going back to ~3400 BC when 
opium was cultivated in Southwest Asia (  www.deamuseum.org/ccp/opium.history.
html    ). Both morphine and codeine, as well as a third compound, thebaine, are pres-
ent in the opium poppy resin collected from the seed pods of the opium poppy, 
 Papaver somniferum . Additional opioids have been fashioned by slightly altering 
the basic morphine structure or, more recently, by designing and synthesizing drugs 
that are engineered to bind to the opioid receptors. Although drugs may act as ago-
nists, antagonists, or partial agonists at the opioid receptors, this chapter will only 
discuss drugs that are used as analgesics and possess either agonist or partial agonist 
activity at the  μ  receptor. Opioid antagonists such as naloxone and naltrexone are 
presented in Chap.   14    . 

 Many, but not all, opioids bear structural and pharmacological resemblance to 
morphine. Semisynthetic opioids are created by slightly altering the structure of 
morphine, and new synthetic opioids are designed to fi t the structure of opioid recep-
tors although the actual structure may bear little resemblance to morphine itself [ 2 ]. 
Semisynthetic or synthetic opioids include heroin, hydromorphone, oxymorphone, 
levorphanol, hydrocodone, oxycodone, meperidine, and methadone. The very short-
acting synthetic opioids that are commonly used in surgical analgesia (fentanyl, 
sufentanil, remifentanil, and alfentanil) are presented in Chap.   15    . A third group of 
commonly used opioids is composed of drugs that are used as analgesics and have  μ  
agonist, partial agonist, or antagonist activity but also have activity at other opioid 
receptors (usually  κ  agonist activity), including butorphanol and buprenorphine. 
Lastly, there are opioid medications with activity via non-opioid mechanisms (e.g., 
tramadol acting at monoamine transporters) that are included in this chapter. 

 The fi rst part of this chapter will focus on the opioid clinical pharmacokinetics 
(PK), and the second section will present the pharmacodynamics (PD), followed 
lastly by a discussion of PK–PD modeling.  

11.2     Clinical Pharmacokinetics 

11.2.1     Absorption 

 Opioids are administered using a variety of routes, depending on the indication for 
their use. While intravenous (IV) administration delivers the entire amount of drug 
into the venous blood, a nonparenteral route may not deliver the entire dose of drug 
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into the system circulation but is often necessary for treatment of pain. Nonparenteral 
routes may include oral, rectal, sublingual, intranasal, transdermal, or pulmonary 
inhalation. The most commonly used and easiest nonparenteral route of administra-
tion for the opioids is the oral route. 

 The oral bioavailability of opioids is a major determinant for their preferred use. 
Agents that have higher oral bioavailability and a longer duration of action are more 
suitable for the management of patients with chronic pain. The clinical PK of the 
opioids is presented in Table  11.1 . The opioids are well absorbed in the gastrointes-
tinal tract via a passive process, but none of the opioids are 100 % bioavailable. 
Although some agents (morphine, methadone, fentanyl) act as substrates for the 
P-glycoprotein effl ux pump located at the gastrointestinal wall and the blood–brain 
barrier, this physiological barrier decreases their absorption and entrance into the 
brain as these agents must cross these membranous barriers [ 3 ,  4 ]. The opioids 
undergo some degree of fi rst-pass hepatic metabolism limiting their oral bioavail-
ability, which ranges from <20 % up to 80 % and is a source of the large interindi-
vidual variability. The opioids that exhibit ≥60 % oral bioavailability are 
hydromorphone, methadone, and tramadol. The oral bioavailability is generally 
<60 % for codeine, dihydrocodeine, and oxymorphone and unknown for hydroco-
done. However, these opioids are often orally administered, and increasing doses 
are used to compensate for low bioavailability. Buccal or sublingual bioavailability 
of buprenorphine and fentanyl is superior to the oral route of administration.

   Methadone oral bioavailability shows signifi cant intersubject variability, ranging 
from 36 to 100 %, but averages around 75 %. The  C  max  occurs between 2.5 and 4 h 
following oral administration, although a second peak may be seen in some indi-
viduals (usually at about 4 h) due to enterohepatic recirculation [ 5 ]. Oral absorption 
rates are comparable from tablets, quick-dissolving tablets, and liquid solution for-
mulation [ 6 ]. 

 Tramadol is rapidly absorbed following a single oral administration of 100 mg, 
with peak concentrations occurring from 1.6 to 1.9 h. While intestinal absorption is 
probably 100 %, fi rst-pass metabolism in the liver reduces oral bioavailability to 
about 70 %. Following multiple daily 100 mg doses of tramadol, the bioavailability 
increases to 90–100 % ( C  max  increases by 16 % and area under the curve [AUC] 
increases by 36 %, compared to a single 100 mg dose), possibly due to the satura-
tion of fi rst-pass metabolism [ 7 ]. Tramadol bioavailability is increased following a 
high-fat meal, although the resulting 10 % increase in AUC is not considered clini-
cally relevant [ 8 ]. 

 Like tramadol, absorption pharmacokinetic parameters of oral oxycodone are 
altered by a high-fat meal with an increase in AUC of about 20 % accompanied by 
a concurrent decrease in  T  max  to approximately 47–91 % compared to the control 
(fasting administration) group [ 9 ]. 

 The oral bioavailability of the short-acting opioids is quite low (fentanyl, remi-
fentanil, alfentanil, and sufentanil) and, except for fentanyl, these drugs are always 
 administered intravenously. Fentanyl undergoes a high degree of fi rst-pass metabo-
lism with bioavailability approximating ~30 % after rapid swallowing [ 10 ]. Fentanyl 
is available in a variety of different formulations that will be discussed later in the 
Alternative Formulations section of this chapter. 

11 Opioid Analgesics
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 The oral bioavailability of the agonist/antagonists, buprenorphine and butorpha-
nol, is about 10 %. Buprenorphine is widely used as a sublingual fi lm or tablet, 
which displays a higher bioavailability of ~20–80 %. Both buprenorphine and 
butorphanol are available in nonparenteral formulations that will be discussed more 
in the Alternative Formulations section of this chapter.  

11.2.2     Distribution 

 After absorption, most opioids distribute widely in the body, and distribution is 
affected by differences in tissue and plasma protein binding and permeability across 
tissue membranes [ 31 ]. Opioids are bound to plasma proteins to varying degrees, 
and those with the lowest plasma protein binding have volumes of distribution ( V  d ) 
in the 2–5 L/kg range. Lipophilicity is often correlated with a high degree of plasma 
protein binding. As seen in Table  11.2 , opioids with the highest plasma protein 
binding are often used in surgical anesthesia where a rapid onset of effect (i.e., rapid 
entry into the brain) occurs.

   All opioids bind to albumin, while some drugs also bind to alpha 1  acid glycopro-
tein ( α  1  AGP) and to lipoproteins. While opioids display non-saturable plasma 
protein binding, the fraction bound to plasma proteins may vary depending on the 

   Table 11.1    Opioid oral bioavailability   

 Drug  Fraction bioavailable (F)   T  max  (time of maximum concentration) 

  Medium–long acting  
 Codeine  42–71 % (mean 53 %) [ 11 ]  1.3 ± 0.22 h [ 12 ] 
 Dihydrocodeine  20.6–19.7 % [ 13 ]  3.84–4.46 h [ 13 ] 
 Heroin  Negligible [ 14 ]  – 
 Hydrocodone  Possibly high [ 15 ]  3.5–7 h [ 15 ] 
 Hydromorphone  65 ± 33 % [ 16 ]  1.00 ± 0.27 h [ 16 ] 
 Levorphanol  –  ~1.5 h [ 17 ] 
 Meperidine  48–63 % (mean 56 %) [ 18 ]  1.3 h [ 19 ] 
 Methadone  70–80 % [ 5 ]  2.5–4 h [ 5 ] 
 Morphine  19–47 % [ 20 – 22 ]  0.5–1.5 h [ 20 ,  23 – 25 ] 
 Oxycodone  60 ± 20 % [ 26 ]  0.5–1 h [ 26 ] 
 Oxymorphone  ~10 % [ 27 ]  0.5 h [ 27 ] 
 Tramadol  70 % [ 28 ]  1.6–1.9 h [ 28 ] 
  Short acting  
 Fentanyl  32 ± 10 % [ 10 ]  101 ± 48.8 min [ 10 ] 
  Partial agonist–antagonist  
 Buprenorphine  ~15 % or less [ 29 ]  – 
 Butorphanol  17 % [ 30 ]  1–1.5 h [ 30 ] 
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presence of disease or other physical stress if the opioid binds to  α  1  AGP (such as 
methadone, alfentanil, fentanyl, and sufentanil) [ 32 ]. Since  α  1  AGP is an acute- 
phase reactant protein, the bound fraction of drug may increase in acute disease 
states, such as a myocardial infarction. Methadone exhibits such low plasma protein 
binding that any physiologic changes in plasma protein binding would cause a mini-
mal change in the total drug concentration. Most of the opioids have low to moder-
ate hepatic clearance. The actual free drug concentration will not be changed by 
alterations in the fraction of plasma protein binding. However, both fentanyl and 
sufentanil are high hepatic clearance drugs, and changes in plasma protein binding 
are associated with changes in free concentration and possibly with changes in 
pharmacodynamics [ 33 ]. 

 In addition to plasma protein binding, opioid drug distribution is governed by the 
octanol coeffi cient, which is a measure of lipophilicity, and the drug’s pK a  (opioids 
are weak bases, pK a  ranging from ~6.5 to 8.7) [ 34 – 36 ]. Opioids are moderately to 
highly lipid soluble agents and generally enter the central nervous system (CNS). 
Also, transport through the blood–brain barrier will be infl uenced for the opioids 
that are P-glycoprotein substrates. 

 The shorter-acting opioids, remifentanil (0.47 L/kg) and alfentanil (0.75 L/kg), 
have a smaller  V  d , whereas butorphanol (12 L/kg) and levorphanol (10–13 L/kg) 
have a larger  V  d  than most of the opioids. A relatively small  V  d , combined with rela-
tively high lipid solubility, results in a rapid onset of effect for remifentanil, alfent-
anil, sufentanil, and alfentanil. All four drugs undergo a signifi cant redistribution 
phase when the drugs move out of the blood stream and into adipose and the dura-
tion of action correlates better with the redistribution than the actual elimination 
phase since elimination occurs after the drugs have leeched out of the adipose 
reserves. Because of redistribution, the pharmacokinetic parameters differ follow-
ing a short bolus injection in comparison to a longer infusion. Following a short 
bolus, the accumulation of drug in adipose is small, and it is diffi cult to accurately 
measure the small concentration that is present during the terminal elimination 
phase. Conversely, following a longer infusion, more drug will be stored in the adi-
pose deposits, leading to an increase in the measurable  V  d . Also, the drug will need 
to leech out of the adipose prior to elimination. Consequently, the measurable elimi-
nation  T ½ is longer following an infusion than following a bolus injection, although 
practically speaking, with the short-acting opioids, the duration of action is a more 
clinically signifi cant parameter than the elimination  T ½. The PK parameters are 
reported in Table  11.2  via a bolus IV injection.  

11.2.3     Metabolism 

 All opioids undergo hepatic metabolism prior to their elimination via both Phase I 
and Phase II metabolism. Table  11.2  includes opioid metabolites that are inactive, 
but others possess signifi cant analgesic activity, while several agents possess signifi -
cant neurotoxic activity [ 2 ]. 
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11.2.3.1     Opioids Primarily Biotransformed by Deacetylation or 
by the Actions of Esterases or Carboxylesterases 

 Remifentanil, uniquely among the opioids, is largely metabolized via extrahepatic 
esterases to form an inactive carboxylic acid metabolite. An additional minor 
amount of remifentanil is  N -dealkylated via CYP3A4 forming an inactive metabo-
lite. Heroin is rapidly deacetylated to 6-monacetylmorphine (6-MAM) and mor-
phine, both very potent analgesics. 6-MAM is then deacetylated to morphine, which 
is metabolized as stated below. 

 Meperidine undergoes conversion to two main metabolites. Meperidinic acid is 
inactive and formed by carboxylesterase. The second metabolite, normeperidine, is 
mainly formed from meperidine by CYP3A4, although other pathways may be 
involved, including CYP2B6, CYP2D6, and CYP2C19. Normeperidine is neuro-
toxic and is responsible for meperidine’s signifi cant adverse effects when used for 
long durations or in patients with renal impairment.  

11.2.3.2     Opioids Primarily Conjugated 

 Phase II metabolism (conjugation) is the predominant metabolic pathway for mor-
phine, hydromorphone, oxymorphone, and levorphanol. Although conjugation 
often inactivates many drugs, some opioid glucuronides have signifi cant pharma-
cologic activity. Morphine is predominantly metabolized to two glucuronides, 
morphine 3-glucuronide (M3G) and morphine 6-glucuronide (M6G). About 
45–60 % of morphine is converted to M3G in humans. Although this metabolite 
possesses little activity, animal studies suggest that it may have neuroexcitatory 
activity and a hyperalgesic effect. Approximately 10–15 % of morphine is conju-
gated to form M6G, which possesses greater pain blocking activity than morphine 
itself. M6G is less lipophilic than morphine and crosses more slowly into the brain 
than morphine [ 92 ]. When morphine is chronically administered, the analgesic 
effect increases over time due to the accumulation of M6G. This compound has 
both a slower onset of activity and a longer elimination  T ½ than morphine (4–8 vs. 
1.6–4.8 h, respectively) [ 92 ]. When morphine is used for a short duration, in 
patients with normal renal function, effects attributed to M3G or M6G metabolites 
are debatable since both are renally eliminated. The Phase I metabolism of mor-
phine is minor with formation of the inactive  N -demethylmorphine. A very small 
conversion to hydromorphone occurs, although the amount generated is likely to 
be clinically insignifi cant [ 93 ]. 

 Similar to morphine, hydromorphone is metabolized via glucuronidation to 
hydromorphone 3-glucuronide, which does not have analgesic potency but is neuro-
toxic upon accumulation in the body. While the major metabolite for hydromor-
phone is a 3-glucuronide, a minor amount of hydromorphone is  N -demethylated, 
probably via CYP2C9 or CYP3A4, to norhydromorphone. 
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 Oxymorphone has a ketone at the 6-position so, unlike morphine, it cannot be 
conjugated at this position. The major metabolite of oxymorphone is an inactive 
3-glucuronide, and a small amount of drug is hydroxylated at the 6-position to form 
6-hydroxymorphone, which has some analgesic activity but is present in very small 
amounts. 

 Levorphanol is the optical isomer of dextromethorphan, but unlike dextrometho-
rphan, there is no evidence that levorphanol is metabolized via CYP450 system. It 
is almost entirely biotransformed to levorphanol 3-glucuronide, and the activity of 
this metabolite is unknown.  

11.2.3.3     Opioids Primarily Biotransformed by CYP450 Enzymes 

 The balance of the opioids discussed in this chapter primarily undergo Phase I 
metabolism and Phase II conjugation. The CYP2D6 enzyme plays an important role 
in the metabolism of several opioids: codeine, dihydrocodeine, hydrocodone, and 
tramadol [ 94 ,  95 ]. Some opioid metabolites possess greater pharmacologic activity 
than their parent compound. For instance, codeine is partially metabolized to mor-
phine. Since codeine only possesses about one-half the analgesic potency of mor-
phine, it is possible that the analgesic effect of codeine is largely dependent on its 
conversion to morphine via CYP2D6. The percentage of morphine generated from 
a codeine dose varies from 0.3 to 0.34 % for persons who are CYP2D6 poor metab-
olizers, to 4–8 % for extensive metabolizers, and up to 15.3 % in ultrarapid metabo-
lizers [ 96 ]. Since extensive metabolizers convert from 4 to 8 % of their codeine dose 
to morphine, metabolites generated in this group would also include M3G, M6G, 
codeine 6-glucuronide, norcodeine, and norcodeine 6-glucuronide. Codeine-6- 
glucuronide may contribute to analgesic effects, but the two norcodeine metabolites 
are probably inactive. 

 Similar to codeine, hydrocodone is  O -demethylated via CYP2D6 to a more 
potent analgesic, hydromorphone. However, the fraction converted is evidently 
small and the analgesic potency of the parent, hydrocodone, is high enough that 
CYP2D6 activity is not the major determinant of the oral hydrocodone effect [ 97 ]. 

 Dihydrocodeine is also a CYP2D6 substrate, and it is  O -demethylated to dihy-
dromorphine, which has greater activity than dihydrocodeine. While the majority 
of dihydrocodeine is excreted as dihydrocodeine-6-glucuronide, some amount is 
converted to dihydromorphine. CYP450 enzymes other than CYP2D6 may be 
capable of converting dihydrocodeine to dihydromorphine. However, such a small 
fraction of dihydrocodeine is converted to dihydromorphine that the CYP2D6 
polymorphism is not likely a signifi cant factor in the analgesia seen with dihydro-
codeine [ 43 ]. 

 Tramadol is a semisynthetic codeine derivative, and formation of its major metab-
olite ( O -desmethyltramadol) is mediated via CYP2D6. Poor metabolizers experi-
ence less analgesic activity because most of the  μ  opioid activity occurs due to the 
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tramadol  O -desmethyl metabolite. A less active metabolite,  N -desmethyltramadol, 
is also formed via CYP2B6 and CYP3A4. Tramadol still has modest analgesic 
activity, even in CYP2D6 poor metabolizers [ 8 ]. 

 The CYP3A4 enzyme is responsible for the majority of metabolism of fentanyl, 
alfentanil, sufentanil, and oxycodone. Alfentanil is almost exclusively metabolized 
to two inactive metabolites, noralfentanil and  N -phenylpropionamide. Both fentanyl 
and sufentanil exhibit high hepatic extraction so, when administered intravenously, 
clearance is more a function of liver blood fl ow than hepatic enzyme activity, 
although both drugs are extensively metabolized to  N -dealkylated (inactive) metab-
olites via CYP3A4 [ 33 ]. 

 Oxycodone is metabolized via CYP3A4 primarily by  N -demethylation to 
noroxycodone, a very weak  μ  agonist. About 10 % is metabolized to oxymorphone 
via CYP2D6, which is about 14 times more potent than morphine. However, oxyco-
done appears to be responsible for most of the analgesic activity since it is about 
seven to ten times more potent than morphine, so CYP2D6 activity has less signifi -
cance for oxycodone compared to codeine [ 65 ]. 

 Buprenorphine undergoes  N -dealkylation via CYP3A4 to norbuprenorphine, 
which possesses weak analgesic activity. Additionally both buprenorphine and nor-
buprenorphine form 3-glucuronides and neither of these metabolites are active. 
Butorphanol is metabolized to hydroxybutorphanol about 60–80 % and  N -dealkylated 
to norbutorphanol, probably via CYP3A4. Subsequently, small amounts of these 
metabolites are biotransformed to inactive glucuronide conjugates. Butorphanol 
undergoes high hepatic extraction, so its clearance is highly dependent on liver 
blood fl ow rather than metabolic enzyme activity. 

 In summary, opioids are signifi cantly metabolized by hepatic enzymes that 
sometimes leads to active metabolites that are more potent than the parent com-
pound. The importance of specifi c enzymatic pathways varies considerably among 
these drugs, and a thorough understanding of the metabolic pathways is needed to 
optimize patient therapy.   

11.2.4     Elimination 

 In general, the opioids are highly metabolized, and their metabolites are largely 
eliminated in the urine. With the exceptions of dihydrocodeine, hydrocodone, meth-
adone, tramadol, and meperidine (dependent upon urine pH), less than 10 % of the 
unchanged parent opioid is cleared in the urine (as shown in Table  11.2 ). 

 A fraction of unmetabolized methadone undergoes glomerular fi ltration and pH- 
dependent tubular reabsorption in kidney tubules. The pK a  of methadone is 9.2, 
which indicates more ionized drug undergoes renal clearance in acidic urine (pH 
less than 6). Consequently, methadone elimination  T ½ is shorter when the urine is 
acidic versus an alkaline state (20 ± 4 vs. 42 ± 9 h) [ 60 ]. It is unknown if 
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pH- dependent clearance is signifi cant during renal failure and methadone is one of 
the few opioids recommended for use in patients with renal failure. 

 Tramadol clearance is not signifi cantly affected by either renal or hepatic dys-
function, as long as one of the eliminating organs remains functional. However, in 
severe cirrhosis, where renal compromise is also commonly present, the elimination 
 T ½ has extended to 22 h [ 8 ]. 

 Opioids that form active glucuronide metabolites should be avoided in patients 
with renal failure [ 98 ,  99 ]. While decreased kidney function does not alter the gluc-
uronidation rate, glucuronide metabolites are cleared renally. For instance, mor-
phine is glucuronidated to two active metabolites M3G and M6G. Both compounds 
accumulate in renal failure and are removed by dialysis. Meperidine should also be 
avoided in patients with renal impairment as the neurotoxic normeperidine metabo-
lite accumulates during decreased renal clearance. 

 Very limited data indicate that fentanyl and alfentanil may be options in patients 
with renal failure since the metabolites are inactive and almost no unmetabolized 
drug is eliminated in the urine [ 98 ,  99 ]. There are more data supporting the use of 
fentanyl than alfentanil and no data evaluating the use of remifentanil in patients 
with decreased renal function. 

 Buprenorphine is sometimes used in renal failure [ 100 ] as neither buprenorphine 
3-glucuronide nor buprenorphine was elevated in a group of pre-dialysis patients. 
Another study reported that 4 times and 15 times the normal blood levels of norbu-
prenorphine and buprenorphine 3-glucuronide, respectively, are present in patients 
with renal failure but since these  metabolites are inactive, symptoms of adverse 
effects were not correlated with the blood levels [ 101 ]. 

 Guidelines for the use of opioids in patients with renal failure recommend mor-
phine, meperidine, dihydrocodeine, hydrocodone, and codeine be avoided since 
these agents form active metabolites that accumulate with renal impairment. 
However, it appears that buprenorphine can probably be safely used in this 
population.  

11.2.5     Summary 

 The analgesic effect of morphine is unsurpassed. However, morphine has a short 
duration of action and its onset of effect is often slow, especially when adminis-
tered by the oral route. Morphine also undergoes extensive metabolism resulting in 
at least one metabolite that causes toxicity when it accumulates. In an effort to 
circumvent these obstacles to provide effective analgesia, morphine has been struc-
turally modifi ed, and alternative drugs that bind to  μ  opioid receptors have been 
synthesized. For instance, opioids designed for surgical analgesia usually have 
shorter duration of action and greater lipophilicity than morphine, whereas drugs 
designed to treat chronic pain conditions may possess a longer duration of action 
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or they can be formulated to provide a consistent plasma levels for an extended 
period of time. A variety of synthesized opioids have been formulated for admin-
istration by alternative routes to improve their bioavailability or prolong therapeu-
tic activity.  

11.2.6     Alternative Formulations 

 Alternative formulations include nasal spray, oromucosal fi lms or tablets, transder-
mal patches, and rectal suppositories. The PK parameters for opioids delivered via 
these alternative routes will be presented. Epidural, intrathecal, or intraosseous 
routes of opioid administration will not be discussed since specifi c formulations for 
opioid delivery via these methods are not marketed. 

 All oral opioids undergo a fi rst-pass effect in the gastrointestinal tract or by 
hepatic metabolism. Because of the decreased bioavailability, many of the alterna-
tive formulations have been designed to decrease or avoid the fi rst-pass effect [ 102 ]. 
As displayed in Fig.  11.1 , nasal, buccal, sublingual, and rectal drug delivery par-
tially bypass fi rst- pass effect in the upper intestinal tract and liver, while the trans-
dermal route entirely bypasses the fi rst-pass elimination in the liver. When drug 
enters the venous circulation, it is directed through the cardiovascular and pulmo-
nary systems. A small amount of drug metabolism may take place in the lungs prior 
to delivery of the oxygenated blood to the brain. A fraction of a drug administered 
via nasal epithelium can bypass metabolism in both the lungs and liver, and some of 
the drug will directly enter into the brain. The balance of drug delivered via nasal 
epithelium is absorbed into venous blood fl ow into the systemic circulation or swal-
lowed and is absorbed through the gastrointestinal tract [ 103 ]. Since only a maxi-
mum of 20–30 mg can be administered by these routes, this is a potential obstacle 
in the formulation development of intranasal, sublingual, or transdermal prepara-
tions as the drug needs to be pharmacologically potent [ 104 ].

   The currently available alternative dosage forms of opioids are listed in 
Table  11.3 , and fentanyl is the most commonly available opioid in the alternative 
dosage forms.

11.2.6.1       Oromucosal 

 The buccal and sublingual routes of administration partially bypass fi rst-pass 
hepatic metabolism as a barrier to systemic absorption, although some of the drug 
from these formulations will be swallowed and undergo the oral absorption process. 
The advantages for this route of administration are rapid drug absorption and 
enhanced bioavailability. The other PK variables, such as elimination rate, will not 
vary from immediate release oral products. 
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 Factors favoring absorption by the oromucosal route are molecules that have a 
low molecular weight (<500), high lipophilicity (partition coeffi cient [log P ] from 
2 to 4), and pK a  from 4 to 9 [ 97 ]. Since most opioids are weak bases and have 
molecular weights below 500, those agents with logP within the range of 2–4 
would be suitable candidates. The opioids that appear to meet these criteria are 
methadone, fentanyl, sufentanil, and buprenorphine. Only fentanyl and buprenor-
phine are marketed in the United States in this formulation. Fentanyl is available 
in both a sublingual spray and an oral lozenge on a stick (lollypop) to be held 
against buccal mucosa until dissolution. Buprenorphine is available as a sublin-
gual fi lm and tablet. The bioavailability for both fentanyl and buprenorphine is 
greater with the oromucosal route than when taken orally. Since these formula-
tions are rapidly absorbed, use for relief of breakthrough pain symptoms in 
patients is an option for practitioners and especially when pain occurs due to 
malignancy.  

Nasal

Intestinal
tract

Liver

Brain

Lungs

Central
compartment SkinBuccal

Sublingual

oral

Peripheral
compartment

Rectal

Pulmonary

  Fig. 11.1    Drug entry pathways in to the different body compartments       
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11.2.6.2     Nasal 

 The nasal spray is likely to produce a more rapid onset of effect and higher bio-
availability than oral administration for drugs that undergo signifi cant fi rst-pass 
metabolism. For nasal administration, criteria for successful formulation of a 
drug include MW <1000, pKa 4–9, and logP from 1 to 4 [ 104 ]. As can be seen 
from Fig.  11.1 , some drug amounts may be transported directly into the cerebral 
spinal fl uid via contact between the olfactory mucosa and the subarachnoid space 
[ 111 ]. The remaining drug concentration from the nasal spray will enter the cen-
tral compartment and travel down the oropharynx. Fentanyl and butorphanol are 
available in a nasal spray in the United States. Fentanyl bioavailability is ~76 % 
when delivered via nasal spray. The  t  max  occurs between 40 and 75 min after nasal 
spray when measurements were taken using venous blood concentrations, 
although arterial blood concentrations would likely have yielded an earlier  t  max . 
One study measured the fentanyl  t  max  from the oral lozenge and, using arterial 
blood concentrations; the  t  max  was 23 min. Additionally,  t  max  after the buccal tablet 
was 28.8 min using arterial blood concentrations and 43.8 min from venous blood 
samples. Nasal administration should yield higher drug levels in the brain, at an 
earlier time, than most other routes because some portion of the drug directly 

   Table 11.3    Pharmacokinetics of sustained-release formulations of opioids   

 Drug  logP  pKa 
 Molecular 
weight  Formulation   T  max  

 Buprenorphine  5.1  8.5, 
10.0 

 467.6  Sublingual fi lm 
(Suboxone® 
buprenorphine + naloxone) 
 Transdermal patch 
(Butrans®) 

 ~48 h [ 105 ] 

 Butorphanol  3.7  8.6  327.5  Nasal spray (Stadol®)  0.82 ± 0.5 h [ 84 ]
0.25–1.0 h [ 106 ] 

 Fentanyl  4.1  8.4  336.5  Nasal spray (Lazanda®) 
 Sublingual spray 
(Subsys®) 
 Buccal lozenge (Actiq®) 
 Transdermal patch 
(Duragesic®) 

 15–21 min [ 100 ] 
 40.2–75 min (venous 
blood) [ 107 ] 
 23 min (arterial 
blood) [ 107 ] 
 ~14 h (venous blood) 
[ 107 ] 

 Hydromorphone  −4.0  8.2  285.3  Extended release tablet 
(Exalgo®) 

 12–16 h;  T ½ 
elimination = 8–15 h 
[ 108 ] 

 Morphine  0.8  9.9  285.3  Rectal suppository 
(generic) 

 0.72 ± 0.17 h [ 109 ] 

 Tramadol  3.0  9.4  263.4  Rectal suppository (not 
marketed in the United 
States) 

 ~3.3 h [ 110 ] 

  Mean ± Standard Deviation  
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enters the brain. Alterations in the drug’s PK administered via nasal spray might 
occur in the presence of rhinitis, which is usually accompanied by local histamine 
release and arteriole dilation in the nasal epithelium. While the effect of rhinitis 
on fentanyl pharmacokinetics has not been evaluated, it is possible that an increase 
in blood fl ow to the nasal epithelium might decrease time to  t  max  and increase both 
 C  max  and bioavailability. 

 Butorphanol is also available as a nasal spray. Bioavailability via nasal spray is 
at least twice that compared to the sublingual or buccal formulations and ranges 
from 69 to 71 %. When optimized with buffer strength, pH, and isotonicity, the 
sublingual and buccal formulations were less bioavailable by 20 % and 30 %, 
respectively. Additionally, the  T  max  was less than 1 h for the nasal spray, compared 
to over 1.5 h for the sublingual formulation. A study conducted in 18 subjects with 
acute or allergic rhinitis found that rhinitis did not signifi cantly affect the  t  max ,  C  max , 
or bioavailability, although concomitant administration of a topical nasal deconges-
tant (oxymetazoline) resulted in a delay in  t  max  (0.25 versus 0.75 h) and a decrease 
in  C  max  3.01 versus 1.61 ng/ml. The oxymetazoline caused vasoconstriction of nasal 
blood vessels that slowed the delivery of drug through the nasal mucosa, but the 
overall bioavailability was not altered [ 84 ].  

11.2.6.3     Transdermal 

 Skin is composed of lipophilic keratinous stratum corneum and varies in thickness 
depending on the anatomical site. The extent of drug absorption through the skin is 
optimal for drugs characterized by small molecular weight (<500), high lipophilic-
ity (log P  > 2–5), and unionized drug [ 104 ]. Environmental factors can alter the 
transdermal absorption of drugs. For instance, heat (possibly fever) may increase 
transdermal absorption, as can changes in the thickness of the dermal layer, and the 
skin integrity (with broken skin allowing greater absorption). Transdermal drug 
administration allows continuous drug input. When a drug is rapidly cleared, such 
as fentanyl, the absorption rate through the skin becomes the rate-limiting process 
for achieving steady-state concentrations. 

 Buprenorphine and fentanyl are both available for transdermal application, but 
their transdermal systems differ. Transdermal administration of fentanyl used the 
“transdermal therapeutic system” (TTS). The TTS uses a membrane-controlled 
system designed for 72 h of wear. The rectangular transdermal patch for fentanyl 
includes an impermeable backing layer, then a drug reservoir layer, followed by a 
membrane that controls the rate of diffusion of drug out of the reservoir, and fi nally 
an adhesive layer to hold the patch on to the skin. To increase the drug delivery rate 
and amount of drug to the body, the area of the patch is increased, resulting in 12 
(5.25 cm 2 ), 25 (10.5 cm 2 ), 50 (21 cm 2 ), 75 (31.5 cm 2 ), and 100(42 cm 2 ) μg/h 
systems [ 112 ]. Small amounts of skin absorption enhancers, such as alcohol, are 
often added to the formulation to increase delivery of the drug through the epider-
mis. The fentanyl concentrates in the upper skin layers and diffuses slowly through 
the skin. Consequently, the onset of effect of fentanyl transdermal is slow, with 
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detectable amounts 2 h after application. Drug diffusion from the upper skin layer 
is slow during the fi rst 4 h following patch application, then increases over the next 
4–8 h, and remains relatively constant during the next 16 h. After a variable lag 
time, ranging from 12 to 24 h (less for the larger patches), a steady-state concentra-
tion is reached and that drug concentration is maintained for approximately 24 h. 
Drug concentrations decrease gradually over the following 48 h, possibly due to 
depletion of the alcohol enhancer. Fentanyl continues to diffuse from the drug res-
ervoir in the upper skin layers even after the patch is removed from the skin. 
Following removal of the patch, fentanyl clearance is very close (43.3 L/h) to the 
intravenous administration, but the elimination  T ½ following patch removal ranges 
from 13 to 25 h, probably due to continued diffusion from the epidermal reservoir 
[ 107 ]. After use, the patches may still contain more than 50 % of the initial amount 
of the drug, so appropriate disposal of the patch after use is crucial for patient and 
public safety. Ingestion or injection of the residual fentanyl has been linked to the 
accidental drug overdoses [ 113 ]. 

 The buprenorphine patch (Butrans®) can be worn for up to 7 days. Similar to the 
fentanyl patch, a larger dose is provided by using a larger-sized patch, and the 
buprenorphine transdermal patch available in the United States is marketed in fi ve 
different strengths: 5 (6.25 cm 2 ), 7.5 (9.375 cm 2 ), 10 (12.5 cm 2 ), 15 (18.75 cm 2 ), and 
20 (25 cm 2 ) μg/h. Higher-dose transdermal systems are available in other countries. 
The buprenorphine transdermal system is composed of an inert backing layer and an 
overlapping adhesive fi lm with a well in the center. The edges of the adhesive fi lm 
extend to the skin. The active drug layer is contained in the well in the adhesive fi lm, 
and a drug-polymer matrix is included in the adhesive that covers the well and 
adheres directly to the skin [ 105 ]. Unlike the fentanyl patch, a diffusion membrane 
is not included; the drug is included in a polymer matrix that diffuses directly into 
the skin. Using the transdermal system, a steady-state drug concentration is achieved 
by the third day, and the absolute bioavailability of drug from the transdermal sys-
tem is approximately 15 %. After removal of the patch from the skin, the drug 
concentration decreases by about 50 % over the fi rst 12 h (range 10–24 h), and 
buprenorphine displays a terminal elimination rate of approximately 26 h. Overall 
bioavailability can be affected by the site of administration (greater in upper back 
than on chest or patella) and body habitus, with approximately 20 % lower exposure 
in the elderly subjects that have a lower body fat, compared to adults with normal or 
high body fat. Similar to the fentanyl patch, as the body temperature increases, this 
factor may enhance drug absorption rate [ 105 ].  

11.2.6.4     Rectal 

 Rectal administration can be a useful alternative when vomiting is present or when 
medical conditions lead to situations when the oral route of administration is not 
possible. However, other non-oral routes have proved more popular than rectal 
administration possibly due to cultural or social constraints. Similar to oromucosal 
route, rectal administration partially bypasses fi rst-pass hepatic metabolism. Rectal 
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suppository formulations are available for morphine, hydromorphone, and oxymor-
phone. The  t  max  for hydromorphone administered rectally is later than  t  max  following 
oral drug (1 h vs. 1.5 h). Similarly, the  t  max  occurs later for oxymorphone and for 
morphine when these agents are given rectally [ 53 ,  109 ,  114 ]. Tramadol bioavail-
ability following rectal administration is slightly higher than oral administration 
(77 % vs. 70 %), and  t  max  is 3.3 h.  T  max  is delayed when compared with oral dosing 
[ 110 ]. For all of these drugs, PK parameters vary considerably depending on the 
rectal placement, and absorption rate tends to be slower than with oromucosal 
administration.   

11.2.7     Summary of Alternative Formulations 

 Due to the large fi rst-pass effect combined with the slow oral absorption of most 
opioids, alternative routes of administration have been established. Consistent 
plasma concentrations can be maintained for a several days with transdermal 
buprenorphine or fentanyl. When a more rapid onset of effect is required, the oro-
mucosal or nasal spray routes of administration for fentanyl, buprenorphine, and 
butorphanol may prove useful. Rectal opioid administration is not often used but 
could be helpful when the oral route of administration is not an option. Following 
rectal drug delivery, the rate of drug absorption is consistent with or slightly slower 
than oral dosing. The overall drug bioavailability following rectal administration 
may be higher due to partial bypass of the fi rst-pass metabolism or a lower bioavail-
ability depending on drug placement in the rectum.   

11.3     Clinical Pharmacodynamics (PD) 

11.3.1     (Opioid Mechanism of Action) 

 The opioids that are found naturally within the brain are termed “endogenous opi-
oids” and include the enkephalins, endorphins, and dynorphins. Opioids from out-
side the body are termed “exogenous opioids” and include a long list of ligands 
(e.g., morphine, fentanyl, codeine, etc.). Both the endogenous and exogenous opi-
oids act primarily via three G-protein-coupled receptors (GPCRs): mu opioid recep-
tor (MOR), kappa opioid receptor (KOR), and the delta opioid receptor (DOR) 
[ 115 ]. An overview of opioid medications that act via these three opioid receptor 
subtypes is shown in Table  11.4  [ 2 ,  115 – 118 ]. MORs have a well-established role 
in pain and analgesia; however, they also have effects on the respiratory and cardio-
vascular systems, mood and behavior, and hormone secretion. KORs and DORs 
have been associated with analgesia and a wide variety of other physiologic and 
behavioral effects [ 43 ]. Most of the  clinically relevant analgesic opioid medications  
are comparatively selective for MORs [ 2 ]. KOR agonists are associated with 
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analgesia but also can produce dysphoric reactions and psychotomimetic effects 
and are generally avoided as long-term treatment options.

   Any clinical differences between opioids are likely due to their relative and var-
ied agonist and partial agonist activity at the three opioid receptor types [ 2 ]. Many 
effects (e.g., respiratory depression) are dose related and become more pronounced 
with higher doses. These concepts are discussed further within the PK/PD modeling 
section. As with many medication classes, selectivity for one receptor system is 
often lost with opioids as doses are increased. In other cases (e.g., mixed agonist–
antagonist), medications may exert simultaneous effects at multiple opioid receptor 
types at typical therapeutic doses. Furthermore, the PD properties of opioids may be 
isomer dependent. For example, methadone is a mixture of R-methadone ( more 
potent analgesia ) and S-methadone ( an NMDA antagonist ) [ 2 ]. Therefore, opioid 
isomers need to be considered in terms of both clinical effi cacy (e.g., analgesia) and 
adverse effects when attempting to assess PK and PD relationships. 

 Due to the pharmacologic actions on the opioid receptors, this explains the over-
all similar clinical profi les (despite subtle differences) among the various opioid 

   Table 11.4    Opioid receptor profi les of various medications ( pharmacologically weak and strong 
MOR agonists included )   

 Drug 
 Opioid receptors involved in drug 
actions  Miscellaneous drug actions 

  Full agonists (MOR)  
 Codeine  MOR (full) 
 Fentanyl  MOR (full), KOR (partial), DOR 

(full) 
 Hydrocodone  MOR (full), KOR (full) 
 Hydromorphone  MOR (full), KOR (full), DOR 

(full) 
 Meperidine  MOR (full), KOR (full), DOR 

(full) 
 Serotonin-reuptake inhibition 
 Normeperidine ( metabolite ): 
indirect NMDA activation 

 d,l-methadone  MOR (full) 
 ( l-methadone and d-methadone 
each possess unique 
pharmacologic profi les ) 

 d-methadone isomer: NMDA 
antagonist 

 Morphine  MOR (full), KOR (partial), DOR 
(full) 

 Morphine-3-glucuronide 
 ( metabolite ): indirect NMDA 
activation 

 Oxycodone  MOR (full), KOR (full), DOR 
(full) 

 Tramadol  MOR (full)  Serotonin-reuptake inhibitor; 
norepinephrine-reuptake inhibitor 

  Partial agonists (MOR) + mixed KOR agonists/antagonists  
 Buprenorphine  MOR (partial), KOR (antagonist) 
 Butorphanol  MOR (partial), KOR (full) 

  Table adapted from the following sources: Refs. [ 2 ,  115 – 118 ]  
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medications [ 117 ]. The focus of this chapter is on the analgesic and associated other 
effects produced by opioids with MOR activity. Opioid selection is often chosen 
based on PK parameters, and doses of these agents can generally be standardized 
using equipotency conversions (i.e., morphine milligram equivalents). The primary 
exception is methadone, which may require special attention during dose conver-
sions. The reader should consult one of the many available equianalgesic (morphine 
milligram equivalent) tables [ 119 ,  120 ] to help guide them with opioid dosing, 
including recommendations for special conversion ratios when switching to metha-
done from another opioid [ 2 ,  121 ,  122 ].  

11.3.2     Clinical Effects 

 Prototypical opioids (i.e., morphine-like drugs acting at the MOR) produce a variety 
of clinical effects, including analgesia, respiratory depression, mood and behavioral 
changes (e.g., euphoria), and sedation [ 2 ,  117 ]. Each of these clinical effects is dis-
cussed in greater detail below, which is followed by a PK/PD modeling section that 
ties the PK and PD relationships into one therapeutic concept.  

11.3.3     Analgesia 

 Opioids are highly effective for pain management as analgesic effects occur without a 
loss of consciousness and do not impact other somatosensory abilities (e.g., propriocep-
tion) [ 117 ]. Multiple sites of action have been put forth for opioid analgesic effi cacy. 

 Opioid analgesic mechanism of action can partly be explained by GABA- 
mediated effects (please see Table  11.5  [ 2 ,  117 ] for a variety of physiologic 
responses produced by MOR–GABA interactions within the central nervous sys-
tem). Specifi cally, activation of MORs in the central nervous system may inhibit 
GABA neurons, which in turn allows for activation of other brain regions. For 
example, increased periaqueductal gray matter (PAG) activity has been associated 
directly with the suppression of pain [ 123 ]. Activation of MORs within the PAG 
may inhibit GABAergic neurons, which in turn allows for activation of PAG out-
fl ow. The end result of this descending neuronal pathway is the increased activity of 
monoamine- mediated pain inhibition [ 117 ,  124 ]. This pathway for analgesia is con-
sistent with medications that act specifi cally via monoamines to produce  analgesic 
effects, such as tramadol and serotonin–norepinephrine reuptake inhibitors (SNRIs) 
[ 2 ]. Opioids with relatively signifi cant KOR agonist activity (e.g., butorphanol) may 
have analgesic properties; however, KOR stimulation has been associated with 
adverse events such as dysesthesias, paresthesias, dysphoria, and anxiety [ 2 ,  124 ].

   In the spinal dorsal horn, MORs are involved in both presynaptic and postsynap-
tic pain-reducing PD effects: (1) presynaptic MOR activation results in a blockade 
of voltage-sensitive Ca2+ channels on C fi bers, which in turn reduces Ca2+ infl ux 
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into the neuron, and (2) postsynaptic MOR activation opens K+ channels allowing 
effl ux of K+ from the neuron. Together, these pre- and postsynaptic effects result in 
decreased excitation and neuronal discharge (secondary to cell hyperpolarization) 
in the spinal dorsal horn [ 117 ] and a reduction in the release of pain neurotransmit-
ters such as glutamate and substance P [ 2 ]. Opioid-induced NMDA antagonism 
may also play a role for opioid analgesia (i.e., among opioids with NMDA effects 
such as S-methadone) [ 2 ,  125 ]. 

 Lastly, opioid effi cacy for producing analgesia is partly explained by a lower 
psychological distress level reported among patients following opioid administra-
tion. Specifi cally, opioids may reduce the affective and/or distressing effects of pain 
versus the actual pain sensation itself [ 126 ]. Patients may report that the pain is 
present; however, they describe the pain as more tolerable following opioid admin-
istration [ 117 ]. Under normal circumstances, endogenous opioids are released dur-
ing times of physical or psychological stress, likely to allow continual functioning 
of the organism in the face of a threat. Perhaps, opioid agonists augment this process 
by dampening the HPA axis as described further below.  

11.3.4     Drug Reward 

 The rewarding properties of opioids likely involve the mesocorticolimbic dopamine 
system (i.e., the reward pathway) [ 117 ]. Opioid inhibition of GABA neurons within 
the ventral tegmental area (VTA) may allow for more intense dopaminergic trans-
mission from the VTA to the nucleus accumbens (NAc) [ 2 ]. Hence, it is thought that 
activation of the “reward pathway” via opioids occurs secondary to opioid actions 
on GABAergic activity in this area of the brain [ 127 ] (see Table  11.5  [ 2 ,  117 ]).  

      Table 11.5    MOR activation inhibits GABAergic neurons in various regions of the CNS   

 Brain/spinal region effects  Physiologic outcome  Clinical outcome 

 PAG outfl ow is increased secondary 
to MOR-mediated inhibition of 
GABA activity 

 Results in forebrain and 
spinal monoamine 
transmission 

 Analgesia 

 MOR-mediated inhibition of 
GABAergic neurons within the 
mesocorticolimbic dopamine 
system in the CNS (i.e., “reward 
pathway”). 

 Dopamine transmission 
from VTA to NAc is 
enhanced 

 Drug reward occurs via 
“positive reinforcement” and 
feelings of well-being and 
euphoria 

 Parasympathetic outfl ow enhanced 
due to MOR-mediated inhibition of 
GABAergic activity 

 Increased 
parasympathetic outfl ow 

 Miosis 

 Hippocampal pyramidal cell 
excitation secondary to MOR- 
mediated inhibition of GABAergic 
neurons 

 Increased excitatory 
actions 

 Seizure activity 

  Table adapted from the following sources: Refs. [ 2 ,  117 ] 
  Abbreviations :  CNS  central nervous system,  NAc  nucleus accumbens,  PAG  periaqueductal gray, 
 VTA  ventral tegmental area  
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11.3.5     Tolerance and Physical Dependence 

 Following chronic opioid use, tolerance and/or physical dependence ( with a drug- 
specifi c withdrawal phenomenon ) is likely to occur that depends on both the opioid 
dose and duration [ 117 ]. Although a thorough discussion of substance use disorders 
is beyond the scope of this chapter, it is imperative to recognize that tolerance and 
physical dependence are not necessarily synonymous with “addiction.” In regard to 
PK/PD modeling, mechanisms for opioid-induced tolerance are described in this 
chapter. 

 Following exposure to opioids, MORs may undergo a desensitization and inter-
nalization process [ 117 ]. However, different opioid agonists appear to cause dif-
fering levels of tolerance. Some of the PD changes likely represent opioid receptor 
and G-protein uncoupling [ 117 ], while other PD effects are likely due to various 
intracellular and extracellular adaptations [ 128 ]. For example, intracellular mech-
anisms for opioid desensitization and tolerance include cAMP response element-
binding (CREB) protein adaptations [ 129 ]. The desensitization process has also 
been associated with arrestin-mediated pathways [ 117 ,  128 ], although it has also 
been proposed that arrestin-mediated pathways are “not necessary” for MOR 
desensitization [ 130 ]. Regardless of the exact underlying mechanisms for desensi-
tization and tolerance to opioids, these adaptations are likely to have an impact on 
PK–PD relationships. Clinical response to an opioid at a particular drug plasma 
concentration may change over time due to the tolerance mechanisms. Furthermore, 
some symptoms (e.g.., miosis) may not develop tolerance as quickly as others such 
as analgesia and sedation [ 117 ]. Finally, specifi c opioids such as morphine may be 
more likely than other agents to produce tolerance [ 130 ], which has been postu-
lated to be related to “effi cacy” at altering opioid receptor signaling [ 131 ]. All of 
these factors may signifi cantly alter and complicate PK/PD models for opioid 
medications.  

11.3.6     Respiratory System 

 Opioids possess a direct pharmacologic depressant effect on the intrinsic respira-
tory rhythm generated in the medulla [ 117 ,  132 ]. Another feature of opioids is the 
inhibition of the ventilatory response to elevated CO2, which may be partly 
explained by opioid-induced reduction in the excitability of chemosensory neu-
rons (e.g., the carotid body) [ 2 ,  117 ,  132 ]. Due to the respiratory depression, 
opioids must be used cautiously among patients with respiratory conditions, such 
as obstructive sleep apnea [ 117 ]. Furthermore, these respiratory depressant effects 
are linked to elevated intracranial pressure and with a generally increased risk of 
morbidity and mortality [ 117 ]. It is crucial to note that opioid antagonists (e.g., 
naloxone) are very effective at reducing respiratory depression in life-threatening 
situations [ 117 ]. In regard to PK–PD modeling, respiration changes induced by 
opioids are a PD parameter that has been successfully employed in these 
models.  
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11.3.7     Cardiovascular System 

 Opioids can cause orthostatic hypotension secondary to multiple pharmacologic 
receptor effects [ 2 ,  117 ]. For example, opioid-induced histamine release is associ-
ated with orthostasis. Additionally, opioids may dampen the sympathetic nervous 
system [ 2 ] and blunt refl ex vasoconstriction caused by elevated PCO2 [ 117 ]. 
Opioids are also associated with a reduction in oxygen consumption and cardiac 
work [ 117 ], and this partly explains their use in acute coronary syndrome guidelines 
[ 133 ]. While there are clear opioid effects on the cardiovascular system, cerebral 
circulation is not directly impacted by opioids. It is important to note, however, that 
opioid- induced respiratory depression can lead to CO2 elevation with cerebral vaso-
dilation and increased cerebrospinal fl uid pressure. 

 Prolonged QT interval has been associated specifi cally with methadone [ 2 ] and 
should not be used in patients at risk for prolonged QT interval (e.g., taking other 
medications or medical conditions known to prolong the QT interval). Furthermore, 
various methadone doses (e.g., 60 mg/day, 100 mg/day) have been proposed as 
thresholds at which increased risk for prolonged QT interval may occur and addi-
tional ECG monitoring should be implemented [ 2 ,  134 ]. The use of PK/PD model-
ing to determine who is at risk for methadone-related QT interval prolongation is 
briefl y discussed in the PK–PD modeling section.  

11.3.8     Sedation, Dysphoria, and Other Cognitive/Psychiatric 
Effects 

 Opioids cause sedation and cognitive impairment [ 117 ] and have been associated 
with myoclonus and seizure activity, and this effect may be secondary to opioid 
inhibition of GABA interneurons (shown in Table  11.5 ) [ 2 ,  117 ] Morphine-3- 
glucuronide (M3G) and normeperidine have been linked to seizure activity, which 
can occur via non-opioid mechanisms, such as indirect activation of  N -methyl- D - 
aspartic acid (NMDA) receptors [ 117 ,  135 ]. Normeperidine accumulation may 
cause symptoms of neurotoxicity, such as tremors and seizure activity, and these 
effects may not be reversed with naloxone administration [ 2 ,  117 ,  136 ].  

11.3.9     Neuroendocrine Effects 

 Opioids are known to impact the hypothalamic–pituitary–adrenal (HPA) axis, by 
inhibition of HPA hormonal release [ 117 ]. More specifi cally, opioids appear to 
reduce circulating cortisol, as a result of blocking corticotropin-releasing hormone 
(CRH) [ 117 ]. A complete review of the neuroendocrine complexities associated 
with opioids is beyond the scope of this chapter. However, the ability of the opioids 
to inhibit activity of the HPA axis likely mediates some of their ability to dampen 
the psychological distress associated with pain.  
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11.3.10     Gastrointestinal and Genitourinary Systems 

 The opioids are well known to cause many effects within the gastrointestinal tract 
[ 117 ]. For example, patients treated with opioids often experience constipation 
[ 2 ,  117 ]. In fact, opioidergic drugs such as loperamide are used therapeutically as 
antidiarrheal medications [ 117 ]. The mechanisms that contribute to opioid-induced 
constipation are mediated by the enteric nervous system and include a reduction in 
intestinal propulsatile activity and decreased intestinal secretions [ 117 ,  137 ]. Opioid 
antagonists, such as naloxone, have been used to improve the opioid-induced 
 constipation (see Chap.   23    ). Nausea and vomiting may be caused by direct opioid 
stimulation of the chemoreceptor trigger zone (located within the medulla) and are 
generally included in the side effect profi le of opioid medications [ 2 ,  117 ]. 
Analogous to effects on the gastrointestinal tract, opioids cause urinary retention [ 2 , 
 117 ]. It is important to note that tolerance can develop to opioid-induced urinary 
retention and may be reversed with peripheral opioid antagonists such as methyln-
altrexone [ 117 ,  138 ].  

11.3.11     Histamine Release (Particularly with Morphine 
and Meperidine) 

 Side effects associated with opioid-induced histamine release include broncho-
spasm, vasodilation, and hypotension. Furthermore, skin fl ushing may be apparent 
[ 2 ,  117 ]. Certain opioids are more likely than others to induce histamine release. For 
example, fentanyl is associated with less histaminergic effects and may be prefera-
ble in patients at risk for respiratory problems (e.g., patient with asthma) [ 117 ].  

11.3.12     Miosis 

 MOR activity inhibits GABAergic interneurons, which in turn regulate parasympa-
thetic control of the pupil (see Table  11.5  [ 2 ,  117 ]). By blocking these GABAergic 
neurons, increased parasympathetic outfl ow in turn causes pupillary constriction 
(i.e., miosis) [ 117 ]. A highly useful aspect of this “observable” effect is in the appli-
cation used in PK/PD modeling.  

11.3.13     PK/PD Modeling 

 It has been well documented that dose–response relationships for opioid analgesics 
demonstrate wide variability between patients and even between pain episodes 
within the same individual [ 139 ]. However, successful PK/PD modeling has been 
completed with the opioids, which has provided some insights into their clinical 
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effects. It should be noted that a complication of PK/PD modeling for opioid analge-
sia is the challenge assessing opioid concentrations at one of their primary sites of 
action (i.e., central nervous system). Therefore, an indirect measure of drug concen-
trations (e.g., accessible plasma concentrations) provides the link to PD effects in 
studies that have been conducted. Hence, one must consider differences that may 
exist between plasma concentrations compared to drug levels at the “effect site” 
(e.g., central nervous system) [ 140 ]. Table  11.6  [ 140 – 153 ] provides examples of this 
lag time for various opioid medications. To further complicate PK/PD modeling of 
the opioids, it has been shown that enantiomers may possess different qualities as it 
pertains to PK and PD relationships [ 154 ,  155 ]. For example, in a PK–PD analysis 
of R,S-methadone, R-methadone behaved more predictably [ 155 ]. Additionally, 
various opioid metabolites contribute to clinical effects, which even further compli-
cate the relationship between PK and PD variables. For example, morphine and 
M6G both contribute to analgesia, and therefore, plasma concentrations of both 
active moieties need to be considered. Lastly, sex differences may or may not con-
tribute to the complexities found in the PK/PD modeling of opioids [ 156 ,  157 ]. It is 
important to note that various PD variables may respond differently to the same 
opioid concentrations [ 158 ]. Thus, the selection of PD variables must be carefully 
considered in model development and interpretation. Despite these many barriers, 
the PK/PD modeling approach has provided useful information that can be used to 
help guide opioid analgesic use.

   As shown in Table  11.6  [ 140 – 153 ], PD variables that are objectively measured 
have been successfully employed in opioid PK/PD models. For example, electro-
encephalogram (EEG) and pupil size are PD parameters that are reliably mea-
sured and can be paralleled to opioid PK variables [ 140 ]. Respiration is another 
physiologic function for which opioid PK/PD modeling has been successful at 
predicting responses to opioids [ 132 ]. PD variables that are less objective include 
pain assessments (i.e., experimental and clinical pain) [ 140 ] and effects on mood 
[ 154 ,  156 ]. Studies have demonstrated an inverse relationship between methadone 
concentrations and  measures of mood disturbance (e.g., items for “tension” and 
“vigor”), particularly as methadone concentrations approached their trough levels 
[ 154 ,  159 ]. Other more rare events (e.g., QT prolongation) have also been used in 
PK–PD modeling studies. A simulation study used pooled data from fi ve clinical 
trials among 284 subjects who had received methadone for at least 30 days. This 
study assessed the PK–PD relationships between seven different methadone doses 
(range 80–200 mg/day), methadone concentrations, and increased QT prolonga-
tion. The study, which pooled data from trials possessing multiple methadone 
concentration and QT assessment time points in the same individual, identifi ed a 
linear relationship between methadone concentrations and QT interval. 
Furthermore, the PK–PD model predicted that close to 2 % of patients would 
experience QT interval greater than 500 ms at doses ranging from 180 to 200 mg/
day [ 160 ]. Therefore, methadone should be cautiously used at doses approaching 
or greater than 180 mg/day. 

 Regardless of the specifi c PD variable used in the PK/PD model, the pharmaco-
logic effects of opioids generally appear to parallel their plasma concentrations but 
to varying degrees between opioid medications and depending on which PD vari-
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able is chosen [ 140 ]. For example, as shown in Table  11.6  [ 140 – 153 ], fentanyl 
effects may be more closely tied to its plasma concentrations as compared to mor-
phine, which may have a longer delay between its plasma concentration time course 
and clinical effects [ 140 ]. Therefore, PK/PD models may be more useful for some 
opioids as compared to others. 

     Table 11.6    PK/PD modeling for opioid agonists (parent compounds; metabolites not included)   

 Opioid agonist 
( partial and full ) 

 Measure of lag 
time a  between 
plasma and effect 
site b   Effect site measure  References 

 Buprenorphine  75 min  Respiration  [ 153 ] 
 Buprenorphine  155 min  Antinociception  [ 152 ] 
 Fentanyl  Studies ranged from 

4.7 to 6.6 min 
 Electroencephalogram (EEG)  [ 147 – 149 ] 

 Fentanyl  16.4 min  Respiration  [ 153 ] 
 Methadone  7.7–9 min  Analgesia  [ 141 ,  142 ] 
 Methadone  18.6 min  Sedation  [ 142 ] 
 Morphine  1.7 h  Postoperative analgesia (patients)  [ 144 ,  145 ] 
 Morphine  1.2 h  Respiration  [ 146 ] 
 Morphine  2.8–3.9 h  Pupil size  [ 143 ,  150 ] 
 Morphine  34 min (median 

reported) 
 Experimental pain (multiple 
methods) 

 [ 151 ] 

 Oxycodone  0 min (i.e., no lag 
time) 

 Visceral pain  [ 151 ] 

 Oxycodone  17 min (median 
reported) 

 Somatic pain  [ 151 ] 

  Table adapted from the following sources: Refs. [ 140 – 153 ] 
  a Calculated by half-life = 0.693/ k  e0  (i.e., fi rst-order rate constant) 
  b Effect site = site of action (e.g., central nervous system)  

 Case Study (Example) 
 A clinician gathers information regarding morphine and determines the mor-
phine  T  max  to be about 1 h. When asked to estimate the expected time of “max-
imum effects” related to morphine administration, the clinician explains there 
is a “lag time” between morphine plasma concentrations and morphine effects 
of approximately 3 h, and this varies based upon which clinical effect is under 
question. Additionally, M6G is formed from morphine, and this active metab-
olite will contribute its own effects that must be considered. However, if this 
same clinician was asked the very same question about methadone, the answer 
would be less than one-half hour to begin observing opioid effects secondary 
to methadone, and this too would vary based upon the clinical effect being 
measured. 
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11.3.14       Summary 

 An integrated PK–PD relationship can be used to guide opioid treatment decisions, 
assist in drug development, and help answer important research questions pertain-
ing to opioid pharmacotherapy. PK–PD models continue to evolve using various PD 
variables and by using medications with unique PK profi les (e.g., novel drug deliv-
ery systems). One of the key points from existing PK–PD models is that the lag time 
between measurable concentrations (i.e., typically plasma) and effect site concen-
trations (i.e., typically the CNS) varies widely among the opioids. Therefore, an 
accurate prediction of response related to dose and plasma concentration requires 
incorporation of lag time into model development and clinical decision making. 
Many other factors can complicate PK–PD modeling (e.g., metabolites, tolerance), 
and an understanding of how these factors may impact a particular opioid medica-
tion in PK–PD modeling is essential.      
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    Chapter 12   
 Stimulants and Other Non-stimulants 
for Attention-Defi cit/Hyperactivity 
Disorder (ADHD)                     

       John     S.     Markowitz       and     Guo     Yu     

    Abstract     Methylphenidate, amphetamines, and atomoxetine are established agents 
used to treat children, adolescents, and adults with attention-defi cit/hyperactivity 
disorder (ADHD). Methylphenidate remains the commonly prescribed drug for 
ADHD throughout the world. The dosage formulations for the majority of methyl-
phenidate preparations contain a racemic mixture (50:50) of  d - and  l -isomers. The 
 d -isomer is the therapeutically active compound. Amphetamine formulations are 
marketed as mixtures of  d - and  l -isomers, or the  d -isomer only, where in the  d -iso-
mer is about three to fi ve times more potent than the  l -isomer. A variety of sustained 
or extended-release products have been developed to provide patients with either 
once or twice-daily dosing regimens for methylphenidate and amphetamine. 
Methylphenidate is almost exclusively metabolized by the hepatic enzyme carboxy-
lesterase 1 (CES1) in a stereoselective manner. A single nucleotide polymorphism 
(SNP) encoding for  CES1  variant p.Gly143Glu was found in various populations 
resulting in impairment of methylphenidate metabolism and clearance. Amphetamine 
is mainly metabolized by oxidative deamination and a minor route via CYP2D6. 
Atomoxetine was the fi rst non-stimulant agent developed for ADHD pharmaco-
therapy. The CYP2D6 system primarily metabolizes atomoxetine, and it was found 
that poor metabolizers have about a ten-fold decrease in oral drug clearance. The 
pharmacodynamic benefi ts and adverse effects of methylphenidate, amphetamines, 
and atomoxetine may be linked to their pharmacokinetic profi les. Guanfacine and 
clonidine are more recent additions to the ADHD armamentarium but are not con-
sidered fi rst-line treatments.  
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hyperactivity disorder (ADHD)   •   Carboxylesterase 1 (CES1)   •   Guanfacine   • 
  Clonidine  

12.1       Introduction 

 Attention-defi cit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder 
characterized by developmentally inappropriate and impairing levels of hyperac-
tive, impulsive, and inattentive behaviors [ 1 ]. Symptoms of ADHD typically begin 
during early childhood or adolescence, persist over time, and are pervasive across 
settings. Three subtypes of ADHD are recognized: predominantly hyperactive- 
impulsive, predominantly inattentive, and the combined type which is the most fre-
quently diagnosed. ADHD is the most common neurobehavioral disorder of 
childhood with prevalence in school-age children estimated to be between 8 and 
10 % [ 2 ,  3 ] and often persists into adulthood. 

 A variety of guidelines and suggested algorithms are available regarding treat-
ment approaches to ADHD, but multimodal approaches are universally advocated. 
Nonpharmacological treatments include behavioral interventions, school-based 
interventions, social skills training, and psychotherapeutic interventions and should 
be considered initially and in combination with pharmacotherapy when it is utilized 
[ 4 – 6 ]. Although the underlying causes and pathophysiology of ADHD remains 
incompletely understood, converging evidence suggests abnormalities of mono-
amines dopamine (DA) and norepinephrine (NE) as well as their metabolism and 
transport, particularly within the frontal cortex and subcortical neural networks 
[ 3 ,  7 ,  8 ]. Furthermore, at the neuronal level, medications with the greatest effi cacy 
in ADHD largely target central DA and NE transporters. Taken together, these 
observations suggest that irregularities in DA and NE metabolism and turnover, 
as well as alterations in associated transporters and receptors, are the major 
determinants of the pathophysiology of ADHD. 

 The psychostimulants methylphenidate (MPH) and amphetamine (AMP) are the 
fi rst-line pharmacological treatments of ADHD in children and adult patients. 
These two agents, in continuous clinical use for over 60 years, are arguably the 
most effective agents in all of clinical psychopharmacology with impressive 
response rates consistently reported [ 9 ]. Furthermore, when one class of stimulant 
fails, the alternative can then be initiated to increase the overall treatment effective-
ness to as high as 85 %. The net primary pharmacologic action of both AMP and 
MPH is an enhancement of synaptic concentrations of monoamine neurotransmit-
ters through their interaction with both the DA transporter (DAT) and the NE trans-
porter (NET), albeit through signifi cantly different modes of action [ 10 – 14 ]. 
Overall, based on meta-analyses of effect sizes, it appears that AMP formulations 
may be moderately more effi cacious than MPH preparations among children and 
adolescents, and both tend to be more effective than available non-stimulant 
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medications FDA-approved for use in ADHD [ 9 ]. The non-stimulant medications 
FDA approved for ADHD include the selective NE reuptake inhibitor atomoxetine 
(Strattera ® ) as well as the  α 2 - agonists clonidine and guanfacine more recently 
approved under the proprietary names Kapvay ®  and Intuniv ® , respectively. In the 
present chapter, the ADME (absorption, distribution, metabolism, and excretion) of 
each of these agents will be discussed followed by a section on formulation and 
dosing parameters.  

12.2     The Stimulants 

12.2.1     Methylphenidate 

 Methylphenidate, in clinical use since 1955, remains the most commonly utilized 
medication in treating ADHD throughout the world [ 15 ]. The majority of MPH 
dosage forms are orally administered tablets or capsules containing racemic (50:50) 
mixtures of  d - and  l -MPH isomers with formulations differing only in their general 
release and dispersal pattern dictated by various modifi ed- release (MR) technolo-
gies [ 15 ,  16 ]. The  d -isomer of MPH is the therapeutically active isomer, and a 
limited number of enantiopure formulations are also available. All available long-
acting MPH formulations are presented in Table  12.1  [ 17 – 19 ]. For purposes of the 
present chapter, the abbreviation “MPH” will refer to racemic methylphenidate 
unless otherwise indicated. Large interindividual differences in MPH pharmacoki-
netics pharmacodynamics, and, accordingly, dose requirements are recognized 
[ 18 ], and the metabolism of MPH can be at least partially infl uenced by genetic 
factors [ 20 ]. In spite of the relatively low bioavailability and large intersubject vari-
ability in the extent of systemic exposure to MPH, these are not factors which limit 
therapeutic effectiveness of the drug once dosing has been individualized for a 
given patient.

12.2.2        Absorption 

 Following oral dosing with standard immediate-release (IR) tablets, the hydrochlo-
ride salt of MPH is readily soluble in the fl uids of the GI tract and is rapidly absorbed 
from the intestine to the colon [ 15 ]. MPH does not appear to be a major substrate 
of the P-glycoprotein (P-gp) transporter [ 21 ]. The intestinal absorption of 
[ 14 C]-MPH was found to be nearly complete as indicated by a near complete recov-
ery of radioactivity in the urine [ 22 ]. Due to extensive and stereoselective fi rst-pass 
metabolism, the absolute bioavailability (F) is limited to approximately 23 % for 
 d -MPH and 5 % for the  l -isomer [ 23 ]. Peak plasma concentrations following a 
0.30 mg/kg dose are approximately 10 ng/ml on average, with a  T  max  of 1–2 h. The 
maximum plasma concentration ( C  max)  values however show considerable 
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intersubject variability. The area under the plasma concentration-time curve (AUC) 
and the  C  max  are generally proportional to the dose. Therapeutic drug monitoring of 
MPH has not proven useful in managing ADHD treatment. In fi ve children dosed 
with IR MPH, F was found to range between 11 and 53 %, with a mean of 28 % in 
the fasted state, and 31 % when dosing was with breakfast. [ 24 ] The extent of 
absorption of essentially all MPH dosage forms is unaffected by food intake, 
although consumption of a high-fat meal may result in a 1–2 h delay in the  T  max  
which most likely refl ects a delay in gastric emptying [ 15 ]. 

 For IR dosing, the elimination half-life ( t  1/2 ) is typically reporting in the range of 
2–3 h. However, in a number of more recent studies utilizing the newer MR dosage 
forms, signifi cantly longer half-lives have been reported. However, this is thought to 
be an artifact of the prolonged absorption of MPH from these dosage forms which 
are programmed to continue to release MPH into the elimination phase masking the 
true elimination  t  1/2  [ 15 ,  16 ]. The pharmacokinetics of MPH have not been found to 

      Table 12.1    Long-acting methylphenidate dosage forms available in the USA   

  Product    Formulation  
  Pharmacokinetic 
release profi le  

  Available 
dosage 
strengths (mg)  

  Can dosage 
form be 
opened and 
sprinkled?  

 Concerta ®  
 ( d,l -MPH) 

 OROS TM , 
osmotically active 
trilayer CR 
system; 22 % IR, 
78 % SR 

 Compares with tid 
dosing of IR MPH 

 Tablets: 18, 27, 
36, 54 

 No 

 Metadate ®  CD 
 ( d,l -MPH) 

 Diffucaps ® , 
beaded CR 
system; 30:70 
ratio of IR:ER 
beads 

 Biphasic: mimics 
twice dosing 

 Capsules: 10, 
20, 30, 40, 50 

 Yes 

 Ritalin ®  LA 
 ( d,l -MPH) 

 SODAS ® , beaded 
CR system; 50:50 
ratio of IR:ER 
beads 

 Biphasic: mimics 
twice dosing 

 Capsules: 10, 
20, 30, 40 

 Yes 

 Focalin ®  XR 
 ( d -MPH) 

 SODAS ® , beaded 
CR system; 50:50 
ratio of IR:ER 
beads 

 Biphasic: mimics 
twice dosing 

 Capsules: 5,10, 
15, 20, 25, 30, 
35, 40 

 Yes 

 Quillivant XR ®  
 ( d,l -MPH) 

 ER oral 
suspension 

 Compares with bid 
dosing of IR MPH 

 25 mg per 
5 mL 

 N/A 

 Daytrana ®  
 ( d,l -MPH) 

 DOT Matrix™ 
transdermal patch 

 Compares with tid 
dosing of IR MPH but 
dependent on duration 
of wear time 

 10 mg/9 h, 
15 mg/9 h, 
20 mg/9 h, 
30 mg/9 h 

 N/A 

   MPH  methylphenidate,  IR  immediate-release,  SR  sustained-release,  ER  extended -release,  OROS  
osmotic release oral system,  CR  controlled-release,  LA  long-acting,  SODAS, N/A  not applicable  
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differ signifi cantly between children, adolescents, or adults, although it appears that 
the relative bioavailability of MPH may be greater in adult men relative to women 
receiving similar dosages [ 15 ,  25 ]. There is little evidence that intra-subject vari-
ability in MPH pharmacokinetics is of the same magnitude generally observed 
between subjects (i.e., interindividual variability). On the other hand, intra-subject 
variability of MPH has undergone relatively little formal study with the newer MR 
formulations. This intersubject variability can be illustrated in Fig.  12.1  in which a 
PK “spaghetti” plot depicts individual AUCs from 19 healthy adult subjects partici-
pating in a normal volunteer pharmacokinetic study of the MR Concerta ®  dosage 
form [ 26 ]. Such variation in individual AUCs is typical of all MR formulations of 
MPH [ 27 ].

12.2.3        Distribution 

 Upon reaching the systemic circulation, MPH is rapidly distributed to the various 
tissues including the CNS. The steady-state volume of distribution ( V  d ) is estimated 
at 2 L/kg. With regard to the specifi c isomers, the  V  d  has been reported as 
2.65 ± 1.11 L/kg for  d -MPH and 1.80 ± 0.91 L/kg for  l -MPH. Clearance of MPH is 
also rapid, with little or no accumulation of the drug from day to day, even with the 
longer-acting MR formulations [ 16 ]. Thus, true steady-state conditions are essen-
tially never attained with MPH pharmacotherapy due to its short half-life. In the 
blood, MPH becomes distributed in the plasma (57 %) and the erythrocytes (43 %). 
MPH exhibits low plasma protein binding at ~15 % [ 15 ]. Some basic pharmacoki-
netic parameters of IR MPH are presented in Table  12.2 .
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  Fig. 12.1    Intersubject 
variability can be 
appreciated from the 
individual AUCs of 19 
healthy adult subjects 
participating in a normal 
volunteer PK study of the 
methylphenidate modifi ed- 
release formulation 
Concerta ®        
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12.2.4        Metabolism 

 Biotransformation of MPH is rapid, stereoselective, and extensive and occurs 
almost exclusively via de-esterifi cation (hydrolysis) of the parent compound to the 
primary and inactive metabolite, ritalinic acid (RA) (Fig.  12.2 ). MPH undergoes 
only a limited amount of metabolism by other phase I enzymes including aromatic 
hydroxylation to form small amounts of  p -hydroxymethylphenidate (~1 %) which 
has CNS activity, as well as a de-esterifi ed lactam, and their respective glucuro-
nides [ 22 ]. With regard to the major metabolite RA, concentrations may attain 
systemic levels that are 50–60 times that of circulating MPH [ 15 ]. The half-life of 
RA is approximately twice that of MPH, and the mean systemic clearance is 
0.17 L/h/kg. This metabolic pathway is exclusively catalyzed by the major hepatic 
enzyme carboxylesterase 1 (CES1) [ 28 ]. Furthermore, MPH hydrolysis is highly 
stereoselective, with the catalytic effi ciency of CES1 estimated to be six- to seven-
fold higher for the largely inactive  l -isomer relative to  d -MPH [ 28 ]. Indeed, 
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  Fig. 12.2    The metabolism of methylphenidate in man       

   Table 12.2    General comparison of immediate-release psychostimulant formulations   

  Psychostimulant    T  max   (h)    t  1/2   (h)  
  Typical dose 
range (mg/day)  

  Usual dosing 
frequency  

  dl -Methylphenidate  2.5–3.5  2–3.5  10–60  2–3 times daily 
  d -Amphetamine  3–4  ~7  5–40  2 times daily 
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enantioselective PK studies of racemic MPH formulations consistently demon-
strate that the plasma concentrations of the  l - isomer are only ~1 % that of 
 d -MPH. Further to the point, in an enantiospecifi c study of MPH in which the drug 
was administered intravenously, both isomers exhibited similar initial distribution 
characteristics, though the terminal elimination phase of the  l -isomer was far more 
rapid [ 19 ]. Interestingly, the transdermal patch formulation of racemic MPH results 
in a near 1:1 ratio of  d - and  l -MPH in the systemic circulation since its continuous 
delivery through the skin avoids the substantial fi rst-pass effect and stereoselective 
metabolism affecting MPH oral dosage forms. CES1 is also known to mediate an 
unusual transesterifi cation reaction when MPH is co-ingested with ethanol. The 
enzymatic reaction entails the conversion of the methyl ester in MPH into the cor-
responding ethyl ester to form  ethy lphenidate, a metabolite with CNS activity [ 29 ]. 
A single nucleotide polymorphism (SNP) in the human  CES1  gene encoding for 
CES1 was recently found to confer dysfunctional enzymatic activity [ 20 ]. This 
 CES1  variant p.Gly143Glu (rs71647871), discovered in the course of a healthy 
volunteer PK study of MPH, has a minor allele frequency (MAF) estimated to be 
3.7, 4.3, and 2.0 % in Caucasian, Blacks, and Hispanic populations, respectively, 
and is believed to result in a signifi cant impairment in MPH metabolism and clear-
ance [ 20 ].

12.2.5        Excretion 

 Following the oral administration of IR MPH, the drug is rapidly eliminated from 
the plasma with a mean  t  1/2  of approximately 2 h. The systemic clearance is 
0.40 ± 0.12 L/h/kg for  d -MPH and 0.73 ± 0.28 L/h/kg for  l -MPH. Within 48–96 h, 
78–97 % of an administered dose is excreted in the urine and 1–3 % in the feces in 
the form of metabolites described above. Very little (<1 %) unchanged MPH 
appears in the urine with the bulk of the dose (60–86 %) excreted in the urine as RA 
[ 15 ,  22 ]. 

 Since 2000, there have been at least 12 new FDA approvals of psychostimulants 
indicated for the treatment of ADHD. However, essentially all of these approvals 
merely represented a different pharmaceutical dosage form that provided an alter-
native delivery pattern of one of the two molecules (i.e., MPH and AMP). The 
majority of these newer formulations include various modifi ed-release (MR) oral 
dosage forms of MPH (e.g., Concerta ® ) or mixed AMP salts ( d -AMP:  l -AMP, 3:1; 
Adderall ® ) enantiopure MPH formulations (e.g. Focalin ® ), a transdermal formula-
tion of MPH, an oral solution of MPH, and an oral suspension of MPH (see 
Table  12.1 ). Regarding newer developments with AMP formulations, the orally 
administered prodrug lisdexamfetamine (Vyvanse ® ) is comprised of  d -AMP cova-
lently bound to the amino acid L-lysine via an amide linkage, which is subse-
quently hydrolyzed in vivo by hydrolases thereby liberating the active  d -AMP 
molecule.  
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12.2.6     Newer Methylphenidate Oral Dosage Forms 

 The rapid metabolism of MPH limits its half-life to just 2–3 h. In order to provide 
drug coverage throughout the school or work day, this brief half-life necessitates 
multiple daily dosing when IR MPH is employed in treatment. This situation 
resulted in inconvenience, potentially decreased compliance, security concerns at 
schools relevant to controlled substance storage and administration, and the poten-
tial stigmatization by peers during school day administration to children. As a result, 
a number of long-acting MPH formulations suitable for once-daily dosing were 
developed in an effort to offset these limitations. A number of modifi ed-release 
(MR) formulations were developed which included combinations of IR and 
extended-release (ER) technologies that provided extended, yet distinctive drug 
release profi les. These newer, once-daily MPH MR formulations have now been 
widely accepted by patients, parents, and clinicians such that they now dominate the 
marketplace [ 15 ,  16 ]. Since the nomenclature used to describe long-acting dosage 
forms can be confusing, for the purposes of this chapter, the term modifi ed-release 
(MR) will be used throughout since the object products are formulated with a com-
bination of IR and ER components. The fi rst attempt to provide a clinically accept-
able long-acting MPH dosage form was a sustained-release (SR) formulation with a 
wax-matrix vehicle designed to provide slow release of MPH over the school day 
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newer modifi ed-release (MR) methylphenidate formulations ( LA  long acting,  CD  controlled 
 delivery,  SR  sustained release Reproduced with permission: Wiley publishing from: Markowitz 
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and was introduced in 1983 as Ritalin SR ® . Clinician experiences and some anec-
dotal reports suggested the formulation were somewhat unfavorable compared to 
the IR formulations which had been used up until its introduction. In Fig.  12.3 , a 
comparison of the MPH-SR formulation’s AUC “shape” is presented for purposes 
of comparison with other newer formulations which were subsequently introduced 
into the clinical arena [ 15 ].   

12.2.7     Newer Modifi ed-Release Formulations of MPH 

 MR oral dosage forms are designed to release drug in a controlled manner to achieve 
desired exposure, effi cacy, and safety profi les. A number of MPH product terms 
have been used to describe these products such as controlled delivery (CD) and long 
acting (LA). The initial once-daily MPH product to follow the MPH-SR dosage 
form was marketed some 17 years later under the proprietary name Concerta ®  that 
was introduced in 2000. With this formulation, an existing osmotic release oral 
system (OROS™) technology was utilized whereby osmotic pressure delivered 
MPH at a programmed rate through a trilayer core (Table  12.1 ). The tablet overcoat 
contains 22 % of the MPH dose and dissolves rapidly to provide an initial MPH 
absorption “pulse” or peak, that is generally followed by a brief plateau as water 
permeates the osmotically active polymer portion, releasing MPH through a laser- 
drilled orifi ce that results in a second steep rise in concentration (Fig.  12.3 ). The 
remainder of the dosage form remains intact and is passed in the stool as an insolu-
ble core. The formulation was designed to provide the same drug coverage as  thrice - 
daily IR MPH, approximating a 12-h duration of action. 

 The Concerta ®  formulation has been extremely successful both commercially and 
in the clinic and has remained the market leader among once-daily formulations [ 16 ]. 
The next entrant to the MPH MR market was called Metadate ®  CD (Table  12.1 ). This 
dosage form utilized the Diffucaps™ technology and provided the coverage expected 
of a  twice -daily schedule of IR MPH. The disparate nature of the MPH-containing 
beads within the capsule allow for rapid dissolution of 30 % 
of the MPH dose, while the remaining 70 % is released in an extended fashion 
(Fig.  12.3 ). Initial formulation development studies suggested that an IR:ER dose ratio 
of 30:70 provided more consistent treatment effects than either a 20:80 or 40:60 ratio. 
A formulation marketed as Ritalin ®  LA was the next MPH MR formulation approved 
by the FDA and incorporated a spheroidal oral drug absorption system (SODAS™) 
bead technology as well. This was a biphasic dosage form in a capsule containing a 
50:50 ratio of IR:ER beads. The ER beads are polymer coated to offer an approximate 
4-h latency before the dissolving of this coat in the GI tract to release the second pulse 
of MPH, resulting in a biphasic profi le mimicking  twice - daily IR MPH [ 16 ]. 

 Lastly, an enantiopure formulation of  d -MPH (dexmethylphenidate; Focalin ®  
XR) was later introduced that also employed the SODAS™ bead technology and is 
analogous to racemic Ritalin ®  LA in terms of release mechanism and general AUC 
shape. As can be appreciated from Fig.  12.3 , each formulation produces a distinctly 
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different plasma profi le, often with similar overall exposures to MPH relative to the 
equivalent IR dose. It should also be appreciated that substantial interindividual 
variability exists with all of the newer MPH MR formulations. Food, diurnal 
rhythms, and GI function and transit times may all infl uence the performance of MR 
dosage forms (Fig.  12.1 )  

12.2.8     Amphetamine 

 Amphetamine is usually viewed as being as effective as MPH and is often used as 
the initial pharmacologic treatment by many clinicians. Racemic amphetamine 
sulfate (Benzedrine,  d -AMP and  l -AMP, 1:1) was the fi rst psychostimulant docu-
mented in the treatment of children with behavioral disorders by Bradley in 1937 
[ 30 ]. However, in the USA, for several decades, the only AMP formulations avail-
able for clinical use were either enantiopure  d -AMP formulations (e.g., 
Dexedrine ® ) or, later, mixtures of  d - and  l -AMP isomer salts in a 3:1 ratio referred 
to as “mixed amphetamine salts” that were neither enantiopure nor racemic, but 
 scalemic  formulations.  d -AMP has been reported to be three to fi ve times more 
potent than the  l -AMP isomer in blocking the uptake of DA while exhibiting 
approximately the same potency in blocking the uptake of NE. However, the ratio-
nale for the exclusion/inclusion of the  l -isomer in various marketed formulations 
has not always been obvious. In September, 2014, racemic AMP (i.e.,  d - and  l -
AMP isomers in a 1:1 ratio) re-entered the clinical pharmacopoeia in the USA 
following the FDA approval of  dl -AMP sulfate marketed under the proprietary 
name of Evekeo™ with an indication for the treatment of ADHD in children 
>3 years of age [ 31 ]. Table  12.3  provides a listing of available FDA-approved 
AMP formulations for ADHD.

12.2.9        Absorption 

 Following oral administration, both isomers of AMP are well absorbed, and there 
appears to be little effect of food on the extent or rate of absorption. AMP does not 
appear to be a substrate of the P-gp transporter [ 23 ]. The bioavailability of AMP is 
approximately 25 %. The  T  max  of IR AMP generally occurs within 2–3 h, though 
substantial intersubject variability has been reported. For the ER formulations of 
mixed amphetamine salts and  d -AMP formulations, a  T  max  of 7–8 h is typical. The 
mean  C  max  after 0.25 or 0.5 mg/kg doses of IR AMP are approximately 40 and 
70 ng/mL, respectively. Therapeutic drug monitoring of AMP formulations has not 
proven useful in the management of ADHD. A half-life of ~7 h is typical [ 32 ]. After 
the administration of a single dose 10 or 30 mg of IR mixed AMP salts to healthy 
volunteers under fasted conditions, peak plasma concentrations occurred approxi-
mately 3 h post-dose for both  d -AMP and  l -AMP [ 33 ]. The mean elimination half-
life ( t  1/2 ) for  d -AMP was shorter than the  t  1/2  of the  l -isomer (9.77–11 h vs. 
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11.5–13.8 h) [ 33 ]. It has been postulated that stereoselective differences in meta-
bolic deamination might account for this difference. Although both enantiomers 
accumulate in the brain,  d- AMP may attain higher concentrations [ 18 ].  

12.2.10     Metabolism 

 The metabolism of AMP proceeds primarily through oxidative deamination forming 
an intermediate phenylacetone which is then oxidized to benzoic acid and then conju-
gated with glycine to form hippuric acid (Fig.  12.4 ), part of which is eliminated as a 
sulfate conjugate [ 32 ,  34 ,  35 ]. Aromatic hydroxylation is a more minor pathway 
believed to be mediated by the cytochrome P450 (CYP) 2D6 pathway and leads to the 
formation of 4-hydroxyamphetamine. Additionally, β-hydroxylation is stereoselective 
for the  d -isomer of AMP to form norephedrine (phenylpropanolamine). Norephedrine 
and 4-hydroxyamphetamine are both active, and each is subsequently  N -oxidized to 
form 4-hydroxynorephedrine. These metabolites may then be subject to conjugation 
with sulfate or glucuronic acid. Approximately one third of a dose is excreted 
unchanged in the urine at physiologically normal pH (i.e., ~6.5–7.5) [ 18 ,  32 ,  34 ,  35 ].

12.2.11        Distribution 

 Amphetamines are highly lipid soluble and are concentrated in the kidney, lungs, 
cerebrospinal fl uid, and brain. Plasma protein binding is approximately 15–40 %, 
and the volume of distribution is similar for both isomers at approximately 3–4 L/kg. 
The plasma clearance of  d -AMP is 5.39 mL/min/kg [ 18 ,  34 ].  

   Table 12.3    Amphetamine containing dosage forms approved for treating ADHD   

  Brand name (generic name)    Formulations and strengths available  

 Adderall ®  (mixed salts of  d - and  l -amphetamine in 
ratio of 3:1) 

 Formulation: immediate-release tablet 
 Available strengths: 5, 7.5, 10, 12.5, 15, 
20, and 30 mg 

 Adderall XR ®  (mixed salts of  d-  and  l -amphetamine 
in the ratio of 3:1) 

 Formulation: extended-release capsule 
 Available strengths: 5, 10, 15, 20, 30 mg 

 Vyvanse ®  (lisdexamfetamine) 
 lysine-conjugate prodrug 

 Formulation: immediate-release capsule 
 Available strengths: 20, 30, 40, 50, 
70 mg 

 Zenzedi ®  ( d -amphetamine) 
 Others 

 Formulations: immediate-release tablets 
 Available strengths: 2.5, 5, 7.5, 10, 15, 
20, 30 mg 

 Dexedrine Spansule ®  ( d -amphetamine)  Extended-release capsules: 5, 10, 15 mg 
 Evekeo™ (racemic i.e.  dl -amphetamine)  Formulation: immediate-release tablets 

 Available strengths: 5, 10 mg 
 Desoxyn ®  (methamphetamine)  Formulation: immediate-release tablets 

 Available strengths: 5 mg 
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12.2.12     Excretion 

 Approximately 5–30 % of amphetamine is excreted unchanged, while the balance 
of an administered dose is eliminated as benzoic acid and its corresponding glycine 
conjugate, hippuric acid. Excretion of AMP is highly dependent on urinary pH 
under normal pH conditions with acidic urine greatly enhancing excretion of the 
parent compound and alkaline conditions having the opposite effect [ 18 ]. Under 
acidic conditions, amphetamines are largely ionized, and there is little reabsorption 
in the kidneys, while under alkaline conditions, unionized amphetamines are readily 
reabsorbed in the kidneys and excretion in urine decreases. Other minor metabolites 
include benzoyl glucuronide as well as 4-hydroxyamphetamine, norephedrine, and 
their respective conjugates (Fig.  12.4 ). The elimination half-life of  d -AMP is 
10–12 h for adults and 6–8 h for children [ 32 ,  34 ].  
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12.2.13     Lisdexamfetamine 

 Lisdexamfetamine dimesylate is an orally administered, pharmacologically inactive 
prodrug consisting of  d -AMP covalently bound to the amino acid L-lysine via an 
amide linkage. This bond is subsequently hydrolyzed in vivo releasing the active 
 d -AMP molecule (Fig.  12.5 ) [ 36 ]. The resulting release profi le supports once-daily 
administration without the necessity to employ sustained-release dosage technolo-
gies. There had been some hopes by the innovators of this formulation that there 
might be some relaxation of the C-II controlled substance scheduling since recre-
ational users of stimulants may prefer i.v. or intranasal routes of administration 
because the rate of entry into the brain is much more rapid and reinforcing of drug- 
seeking/rewarding behavior than might be observed following oral administration 
of conventional, non-prodrug amphetamine formulations. Although it may offer 
some advantages in this area, it is classifi ed as a C-II drug as are all of the available 
psychostimulants.

12.2.14        Absorption 

 After oral administration, lisdexamfetamine is rapidly absorbed from the GI tract. 
The administration of lisdexamfetamine with a high-fat meal produces no changes 
in the observed AUC and  C  max  of  d -AMP. However, administration with food is 
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observed to prolong the  T  max  by approximately 1 h (from 3.8 h at fasted state to 4.7 h 
after a high-fat meal). The plasma elimination half-life of the parent prodrug, lis-
dexamfetamine, typically averages less than 1 h [ 36 ,  37 ].  

12.2.15     Metabolism 

 Following the oral administration of a 70 mg dose of radiolabeled lisdexamfetamine 
dimesylate, >90 % of oral dose radioactivity was recovered in the urine of normal 
volunteers and only 0.3 % recovered in the feces over a period of 120 h. 
Lisdexamfetamine appears to be extensively converted to  d -AMP and L-lysine pri-
marily in blood due to hydrolytic activity occurring within red blood cell by an as yet 
unidentifi ed hydrolase. The lisdexamfetamine parent molecule itself is not metabo-
lized by CYP450 enzymes, and only 2 % of the dose is excreted in the urine as the 
intact molecule [ 36 ,  37 ]. Once released,  d -AMP is then subject to the metabolic 
processes described previously for  d -AMP and illustrated in Fig.  12.5 .  d -AMP PK 
appear to be linear after single dose administration over the dose range of 30–70 mg. 
There is no accumulation of  d -AMP at steady state in healthy adults and no accumu-
lation of lisdexamfetamine after once-daily dosing for 7 consecutive days [ 36 ].  

12.2.16     Distribution 

 Plasma concentrations of intact lisdexamfetamine are low and transient, generally becom-
ing non-quantifi able by hour 8 post-administration. Plasma concentrations of uncon-
verted lisdexamfetamine are low and transient and essentially absent 8 h after 
administration. There is no accumulation of  d -AMP at steady state in healthy adults and 
no accumulation of lisdexamfetamine after once-daily dosing for 7 consecutive days [ 36 ].  

12.2.17     Excretion 

 Only 2 % of the dose is excreted as the intact prodrug in the urine. Of the metabo-
lites recovered in the urine, the situation is nearly identical to that observed with  d - 
AMP oral administration (Fig.  12.4 ) [ 36 ].   

12.3     The Non-stimulants 

 In spite of the lengthy clinical track record and extensive documentation of effi cacy 
and response rates, >30 % of individuals treated with psychostimulants may experi-
ence an inadequate response to both MPH and AMP, making the availability of 
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non-stimulant options desirable [ 38 ]. Beyond patients who simply do not respond 
adequately to an appropriate trial of a psychostimulant, other individuals may be 
appropriate candidates for non-stimulant medications as well. These include those 
intolerant of psychostimulant-associated side effects, those who have medical issues 
which may be a relative contraindication to their use, and those patient populations 
presenting with comorbid disorders such as Tourette syndrome or tic disorders or 
symptoms such as anxiety or insomnia [ 39 ,  40 ]. Furthermore, both AMP and MPH 
have high abuse potential and are classifi ed as C-II narcotics under federal law in 
the USA. Accordingly, in certain patients with caregivers who wish to avoid con-
trolled substances or if legitimate concerns over potential misuse or drug diversion 
by the patient or other members of the household exists, non-stimulant agents 
should be considered [ 38 ]. Available non-stimulant medications, presented in 
Table  12.4 , may also be judiciously used in combination with stimulant medications 
in cases where neither agent alone is adequately controlling target symptoms.

12.3.1       Atomoxetine 

 The fi rst truly novel non-stimulant medication to be developed and FDA approved 
for ADHD which was not already marketed for another indication was the selective 
NE reuptake inhibitor atomoxetine (Strattera ® ). Atomoxetine, approved by the FDA 
in 2002, is marketed as the  R  (−) isomer of the racemic compound, which is ~9-fold 
more potent as an inhibitor of NET than the  S  (+) isomer. Currently, atomoxetine is 
the only approved NE reuptake inhibitor for the treatment of ADHD and the only 
non-stimulant medication approved for adult ADHD. Atomoxetine selectively 
blocks the NET and increases the availability of intra-synaptic NE. This action is 
believed to lead to improvements in higher cognitive functions that are typically 
impaired in patients with ADHD [ 39 – 42 ]. 

 Notably, the cytochrome P450 CYP2D6 pathway is heavily involved in the 
metabolism and disposition of atomoxetine (Fig.  12.6 ). It is recognized that  CYP2D6  
genes are highly polymorphic with numerous allelic variants resulting in varying 
degrees of loss of metabolic function (i.e., extensive, intermediate, and poor metab-
olizer [PM] phenotypes). Additionally, gene duplication may result in the “ultra-
rapid” metabolizer (UM) phenotype. Further, there are signifi cant differences in the 

   Table 12.4    Non-stimulant medications approved for the treatment of ADHD   

  Brand name (generic name)    Formulations and strengths available  

 Strattera ®  (atomoxetine)  Formulation: immediate-release capsule 
 Available strengths: 10, 18, 25, 40, 60, 80, 100 mg 

 Intuniv ®  (guanfacine)  Formulation: extended-release tablet 
 Available strengths: 1, 2, 3, 4 mg 

 Kapvay ®  (clonidine)  Formulation: extended-release tablet 
 Available strengths: 0.1, 0.2 mg 
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frequencies of the variant alleles between different racial and ethnic populations. 
Atomoxetine has undergone more extensive study with regard to pharmacogenom-
ics (i.e.,  CYP2D6 ) than all of the other compounds discussed in this chapter com-
bined. However, although the fundamental infl uences of CYP2D6 metabolizer 
status with regard to atomoxetine metabolism and disposition will be discussed in 
the following section, an in-depth review of CYP2D6 pharmacogenomics and ato-
moxetine is beyond the scope of the present chapter.

12.3.2        Absorption 

 Atomoxetine is rapidly absorbed after oral administration, and crossover (pilot) bio-
availability studies in healthy subjects revealed that the F of atomoxetine (40 mg oral 
capsule) in CYP2D6 EMs and PMs were 63 % and 94 %, respectively [ 44 ], indicat-
ing high intestinal permeability and oral absorption of atomoxetine in both groups. 
After oral administration of atomoxetine, the median  T  max  of the parent drug in 
CYP2D6 EMs and PMs were approximately 1.0 h and 4.0–6.0 h, respectively, sug-
gesting a rapid rate of balance between absorption and disposition in CYP2D6 EMs. 
A relative bioavailability study found identical oral bioavailability between atomox-
etine capsule and solution; thus, oral absorption and bioavailability would not be 
infl uenced by the capsule formulation [ 44 ]. Atomoxetine can be administered with-
out regard to food. Administration with a standard high-fat meal in adult subjects did 
not affect the extent of absorption (AUC), but did decrease the rate of absorption, 
resulting in a 37 % lower  C  max  and delayed  T  max  by 3 h. The average time to reach  C  max  
at steady state was approximately 1–2 h. At steady state, the  C  max  for atomoxetine 
was almost six-fold higher in PMs than in EMs, and the mean plasma AUC was 
approximately eight-fold higher [ 43 ,  44 ]. The bioavailability of atomoxetine was 
unchanged during coadministration with Maalox (aluminum/magnesium hydrox-
ides) or omeprazole; thus, concurrent administration of drugs that alter gastric acid 
secretion (such as omeprazole) or neutralize gastric acid (such as aluminum/magne-
sium hydroxides) do not appear to affect the absorption and bioavailability of atom-
oxetine [ 44 ].  

12.3.3     Distribution 

 The steady-state volume of distribution of atomoxetine after intravenous administra-
tion is 0.85 L/kg, which is similar with the total volume of body water, suggesting 
that the distribution of atomoxetine is mainly into total body water [ 45 ]. The concen-
trations of atomoxetine in postmortem liver and fl uids in two persons whose death 
was unrelated to the drug, and notwithstanding the potential infl uence of potential 
postmortem redistribution, were as follows: liver, <0.44–3.9 mg/kg; aortic blood, 
<0.1–0.65 mg/L; femoral blood, <0.1–0.33 mg/L; and vitreous humor, 0.1 mg/L 
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[ 46 ]. At therapeutic doses, atomoxetine and its metabolite 4- hydroxyatomoxetine 
presented in human oral fl uid, with signifi cant lower levels relative to those in 
plasma [ 47 ]. The oral fl uid-to-plasma concentration ratio of atomoxetine ranged 
from 0.01 to 0.12 and that of 4-hydroxyatomoxetine from 0.16 to 1.96, with the 
minimum at 1 and 2 h post-administration, respectively [ 47 ]. 

 Binding of atomoxetine to human plasma protein  in vitro  was ~98 % and was 
almost entirely to albumin [ 48 ]. Plasma protein binding of the two metabolites, 
N-desmethyl atomoxetine and 4-hydroxyatomoxetine, were 99.1 % and 66.6 %, 
respectively [ 48 ]. The plasma protein binding of atomoxetine was lower in subjects 
with end-stage renal disease (94.8 % ± 6.9 %, mean ± SEM,  N  = 6) and subjects with 
moderate and severe liver disease (96.4 % ± 1.56 %, mean ± SEM,  N  = 10) relative to 
healthy subjects (98.0–98.7 %) [ 44 ,  48 ]. This is presumably the result of the decrease 
in  albumin associated with severe renal or hepatic impairment.  

12.3.4     Metabolism 

 Atomoxetine is extensively metabolized (Fig.  12.6 ) with more than 80 % of a 
radiolabeled dose being detected in the urine as metabolites and less than 3 % 
unchanged parent compound [ 49 ]. The primary phase I metabolic pathways that 
govern the biotransformation of atomoxetine in humans are aromatic ring hydrox-
ylation, benzylic oxidation, and N-demethylation [ 49 ]. The O-glucuronidation of 
the hydroxylated metabolites is the only phase II metabolic pathway involved in 
the biotransformation of atomoxetine [ 49 ]. The major phase I metabolite is 
4-hydroxyatomoxetine produced via aromatic ring hydroxylation, which is subse-
quently glucuronidated forming 4-hydroxyatomoxetine-O- glucuronide [ 49 ]. 
CYP2D6 is the primary enzyme responsible for the formation of 4-hydroxyato-
moxetine, whereas a variety of other CYP enzymes have shown capability in 
metabolizing atomoxetine to 4-hydroxyatomoxetine in the absence of CYP2D6, 
albeit at a considerably slower rate. N-desmethyl atomoxetine, a minor metabolite, 
is predominantly formed via CYP2C19 and undergoes further hydroxylation medi-
ated via CYP2D6 and subsequent O-glucuronidation [ 48 – 50 ]. While 4-hydroxya-
tomoxetine has similar pharmacologic activity to atomoxetine in terms of NET 
inhibition, the inhibitory  potency  of N-desmethyl atomoxetine is nearly 20-fold 
less [ 44 ]. In addition, on the basis of the metabolic profi les of CYP2D6 EMs and 
PMs, the same metabolites were identifi ed regardless of phenotypes, and no 
CYP2D6 phenotype-specifi c metabolites were observed [ 44 ,  50 ]. A summary of 
major differences in these parameters observed by metabolizer type is presented in 
Table  12.5 .

   A within-study comparison showed that the average steady-state oral clearance 
(CLss/F) of atomoxetine in CYP2D6 EMs (0.373 L/h/kg) is approximately ten-fold 
greater than that of PMs (0.0357 L/h/kg), demonstrating the predominant role of 
CYP2D6 in the metabolic clearance of atomoxetine. Atomoxetine circulates princi-
pally in the plasma of CYP2D6 EMs as the parent and the major metabolite 
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4-hydroxyatomoxetine-O-glucuronide, but in PMs, atomoxetine circulates princi-
pally as the parent compound and the metabolite N-desmethyl atomoxetine [ 44 ]. In 
adult CYP2D6 EM subjects, after dosing with 20 mg twice daily for 5 days, the 
exposure to 4-hydroxyatomoxetine is only around 1 % (based on  C  ss,max ) of that of 
atomoxetine, while the exposure of N-desmethyl atomoxetine is approximately 5 % 
(based on  C  ss,max  and AUC during a dosage interval [AUC τ ]) of that of atomoxetine 
[ 48 ]. In adult CYP2D6 PMs, after 75 mg twice daily over 5 days, the exposure of 
4- hydroxyatomoxetine is just 0.1 % of that of atomoxetine, while the exposure of 
N-desmethyl atomoxetine is about 45 % of that of atomoxetine [ 44 ]. Taken together, 
exposure to 4-hydroxyatomoxetine ranges from 0.1 % of the parent compound in 
CYP2D6 PMs and 1 % in EMs, but exposure to N-desmethyl atomoxetine ranged 
from 5 % of the parent compound in CYP2D6 EMs and 45 % of the parent com-
pound in PMs. 4-Hydroxyatomoxetine- O-glucuronide plasma concentrations in 
CYP2D6 EMs are 2.6-fold that of atomoxetine and over 40-fold greater than 
N-desmethylatomoxetine, but the levels in PMs are numerically less than either the 
parent or N-desmethyl atomoxetine [ 48 ].  

12.3.5     Excretion 

 Because of extensive metabolism, the largest fraction of an atomoxetine dose is 
excreted into the urine as the 4-hydroxyatomoxetine-O-glucuronide [ 48 ]. Less 
than 3 % of the administered dose is excreted into the urine as unchanged the par-
ent compound, suggesting a minimal role for renal excretion in overall clearance 
of the drug. The cumulative fraction of a radioactive dose excreted into the urine 

   Table 12.5    Pharmacokinetic parameters of atomoxetine and selected metabolites in extensive 
versus poor metabolizers of CYP2D6 [ 40 ,  43 ]   

  Parameter  
  Extensive metabolizers 
CYP2D6  

  Poor metabolizers 
CYP2D6  

 Bioavailability (%)  63  94 
  T  max  (h)  1–2  3–4 
  C  max,ss  (ng/mL) ± SD  159.70 ± 51.9  914.72 ± 30.5 
 Half-life (h)  5.2  21.6 
  Primary metabolites  
 4-Hydroxyatomoxetine  2.03 ± 17.5  – 
 4-Hydroxyatomoxetine- O -glucuronide 
 Half-life (h)  6–8  – 
  C  max,ss  (ng/mL) ± SD  413.88 ± 35.5  88.00 ± 16.9 
  N -Desmethylatomoxetine 
 Half-life (h)  –  34–40 
  C  max,ss  (ng/mL) ± SD  7.02 ± 71.5  259.22 ± 39.6 

  Sauer et al. [ 59 ]  
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is about 96 % in EMs and 80 % in PMs. The cumulative fraction of a radioactive 
dose excreted via the feces is approximately 2 % in CYP 2D6 EMs and 17 % in 
PMs. In CYP2D6 EMs, almost all of a radiolabeled dose was cleared from the 
body within 48 h, but in PMs, all of the dose was not eliminated until beyond the 
144 h time point. [ 48 ] When about 90 % of the radiolabeled amount had been 
cleared in CYP2D6 EMs within 24 h post-dose, only 30 % of the dose was excreted 
in PMs. [ 48 ]  

12.3.6     α 2 -Agonists: Guanfacine and Clonidine 

 With regard to other non-stimulant medications, the α 2 -agonists and imidazoline 
derivatives clonidine and guanfacine, initially marketed as centrally acting antihy-
pertensive medications, had found extensive use as “off-label” medications to 
treat ADHD symptoms as adjunctive therapy to existing stimulant regimens or as 
monotherapy. These agents gained FDA approval for the treatment of ADHD rela-
tively recently and have been reformulated as ER tablets that provide a signifi -
cantly reduced  C  max  compared to the same dosage of their respective IR 
formulations presently marked as antihypertensive agents. Basic pharmacokinetic 
parameters of these two related agents are presented in Table  12.6 . Both clonidine 
and guanfacine act on the presynaptic and postsynaptic α 2  neuronal receptors. 
This action is believed to improve working memory by stimulating and strength-
ening the functional connectivity of prefrontal networks [ 38 ,  41 ]. These agents 
may be employed as adjunctive treatments or as monotherapies for ADHD. The 
amelioration of ADHD symptoms is believed to rely on the specifi c stimulation of 
the postsynaptic α 2A  subtype of receptor. Of note, relative to clonidine, guanfacine 
is a much more selective α 2A  adrenergic receptor agonist, while clonidine binds at 
all α 2  receptor subtypes (i.e., A, B, and C) [ 51 ,  52 ]. Relative to clonidine ER, there 
is much more available published pharmacokinetic data with guanfacine ER at 
present.

    Table 12.6    Comparison of pharmacokinetic parameters of clonidine and guanfacine following the 
single dose of the respective agents in healthy adults   

  Mean pharmacokinetic 
parameters (± SD)  

  Extended-release clonidine 
(Kapvay®) 0.1 mg  

  Extended release guanfacine 
(Intuniv®) 1 mg  

  C  max  (ng/mL)  1.0 ± 0.3  0.26 ± 0.033 
 AUC 0–∞  (ng.h/mL)  32 ± 9  6.73 ± 1.65 
  T  max  (h)  6  6.5 
  t  1/2  (h)  18 ± 4  12.7 ± 3.6 
 Infl uence of high-fat meal  No effect  ↑ mean  C  max  ~75 % 

 ↑ mean AUC ~40 % 

  Data do not represent a comparative crossover study but are derived from the separate studies 
described in the Full Prescribing Information for Kapvay ®  and Intuniv ®  [ 51 ,  52 ]  
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12.3.7        Guanfacine 

12.3.7.1     Absorption 

 Guanfacine is readily absorbed and from the GI tract and is not a substrate or a 
potent inhibitor of the of the P-gp transporter [ 53 ]. The F of guanfacine is ~80 %. 
Following oral administration, the  T  max  is approximately 6 h. When a single dose 
of guanfacine 4 mg was administered with a high-fat breakfast, the mean exposure 
increased signifi cantly (i.e.,  C  max  ~75 % and AUC ~40 %) compared to dosing in a 
fasted state [ 51 ].  

12.3.7.2     Distribution 

 The plasma protein binding of guanfacine as determined by equilibrium dialysis 
ranges from 64 to 72 %, and it is widely distributed throughout the body. The  V  d  
is 6.3 L/kg (276–347 L) suggesting intracellular distribution, and approximately 
60 % of guanfacine in the blood is bound to red blood cells. Exposure to guanfa-
cine was higher in children (ages 6–12 years) compared to adolescents (ages 
13–17 years) and adults, and following the oral administration of multiple 4 mg 
doses of guanfacine the  C  max  was 10 ng/mL compared to 7 ng/mL, and the AUC 
was 162 ng h/mL compared to 116 ng h/mL in children (ages 6–12) and adoles-
cents (ages 13–17), respectively [ 51 ]. These differences are believed to be attrib-
utable to the lower body weight of children compared to adolescents and adults. 
The pharmacokinetics of guanfacine generally appear to be linear and dose pro-
portional [ 51 ,  54 – 56 ].  

12.3.7.3     Metabolism 

 Approximately 50 % of an administered dose is metabolized in the liver with the 
3-hydroxy-derivative of guanfacine; its respective O-glucuronide and sulfate conju-
gates represent the major metabolites. Other oxidized mercapturic acid derivatives 
are also present as minor metabolites. About 30 % of an administered dose of guan-
facine is excreted unchanged in the urine [ 51 ,  54 ,  55 ].  In vitro  studies have demon-
strated that guanfacine is primarily metabolized by CYP3A4. Accordingly, as a 
substrate of CYP3A4/5, exposure is affected by coadministration with CYP3A4/5 
inducers/inhibitors [ 51 ].  

12.3.7.4     Elimination 

 Guanfacine is excreted by the kidney by fi ltration and active secretion, although 
reabsorption by the tubule cannot be ruled out. Renal excretion is ~50 %, and the 
elimination  t  1/2  is 17 h (range, 10–30 h) [ 51 ].   
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12.3.8     Clonidine 

12.3.8.1     Absorption 

 Following a single dose of clonidine ER (0.1 mg) in fasted adult subjects, clonidine 
was absorbed more slowly relative to the IR formulation achieving a  C  max  at 6.5 h 
( T  max ). The bioavailability is approximated at 70 %. Neither food nor coadministra-
tion with a high-fat meal had any signifi cant effect on plasma concentrations, bio-
availability, or elimination half-life of clonidine [ 52 ,  57 ].  

12.3.8.2     Distribution 

 Clonidine is ~20–40 % protein bound, primarily to albumin. Clearance rates of 
clonidine were independent of the dosage of clonidine ER across a range of 0.2–
0.4 mg/day, in children and adolescents with ADHD. However, clearance rates of 
clonidine decreased with increasing age over the range of 6–17 years and females 
had a 23 % lower clearance rate than males. The  V  d  is estimated at 3–6 L/kg 
[ 52 ,  57 ]. Clonidine pharmacokinetics appear to be linear and dose proportional. 
Basic pharmacokinetic parameters are presented in Table  12.6 .  

12.3.8.3     Metabolism 

 Approximately 40–60 % of orally administered clonidine is excreted unchanged in 
the urine with the remainder undergoing hepatic metabolism to produce inactive 
metabolites, mainly 4-hydroxyclonidine.  In vitro  studies indicate that CYP2D6 is 
the primary isoform catalyzing the formation of 4-hydroxyclonidine with much 
smaller roles contributed by CYP1A2, 3A4, 1A1, and 3A5 [ 52 ,  57 ,  58 ].  

12.3.8.4     Excretion 

 Clonidine is predominantly renally eliminated with 40–60 % excreted into the urine 
unchanged, 20 % is excreted in feces. Less than 10 % of an administered dose is 
excreted as 4-hydroxyclonidine.    

12.4     Conclusions 

 Stimulants and nonstimulants are indicated for the treatment of child, adolescent, 
and adult ADHD. The pharmacodynamic benefi ts of these agents appear to be 
related to their pharmacokinetic profi les. From a pharmacokinetic perspective, the 
stimulants are rapidly absorbed agents with relatively short half lives. This situation 
necessitates multiple daily dosing regimens in order to maintain effectiveness across 
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the treatment day. Modifi ed-release methylphenidate formulations permit once 
daily dosing and a number of variable formulations are now available. The metabo-
lism of MPH is almost entirely dependent on the CES1 enzyme, and investigations 
continue into the potential impact of  CES1  genetic variants upon MPH disposition 
and response. Similarly, once daily formulations of amphetamines were developed 
to enhance patient adherence to treatment. Atomoxetine was the fi rst non-stimulant 
agent used for ADHD treatment and is primarily metabolized by CYP2D6. Patients 
who are CYP2D6 PMs may require dosage adjustments with atomoxetine. 
Guanfacine and clonidine are not considered fi rst-line treatments for ADHD. 
Nevertheless, these agents continue to be used in those patients intolerant of, or 
otherwise suboptimally responsive to the stimulants or atomoxetine.     
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    Chapter 13   
 Antidementia Drugs                     

       Chad     M.     VanDenBerg      and     Michael     W.     Jann     

    Abstract     Alzheimer’s disease (AD) is the most commonly occurring dementia and 
consists of both cognitive impairment and behavioral disturbances. Two types of 
medication classes are approved by the regulatory agencies for AD treatment. The 
cholinesterase inhibitors (ChEIs) are used for patients with mild, moderate, and 
severe AD. Memantine (MEM) is indicated for moderate to severe AD patients. 
ChEIs and MEM are often combined together for treatment. The pharmacokinetics 
(PK) of the ChEIs is well known. Donepezil and galantamine display linear PK, 
whereas rivastigmine has nonlinear PK. Donepezil and galantamine are metabo-
lized by the CYP2D6 and CYP3A4 enzymes. Rivastigmine is metabolized by the 
hepatic esterases. MEM is not signifi cantly metabolized by the hepatic enzymes and 
is primarily excreted by the kidneys. Dosage adjustments are recommended for 
patients with severe hepatic and renal impairment. The clinical pharmacodynamic 
(PD) properties for the ChEIs and MEM can be assessed by various biomarkers that 
include cholinesterase enzyme inhibition, clinical rating scales for cognitive impair-
ment and behavioral symptoms, and PET scan evaluations. Pharmacogenetic status 
is in its early utilization phase of clinical utility in AD patients. PET scans may 
provide useful information on patient response to ChEIs and MEM. The gastroin-
testinal adverse side effects limit ChEIs, but these effects are transient and associ-
ated with dose titration. Population PK analysis can integrate the PK, PD, and 
pharmacogenetic data to optimize treatment in patients with AD.  
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13.1       Introduction 

 Dementia can result from a variety of diseases; however, Alzheimer’s disease 
(AD) is by far the most common and accounts for 50–60 % of cases associated 
with cognitive impairments and behavioral disturbances [ 1 ]. Other types of medi-
cal conditions where dementia can take place are Lewy body, vascular, mixed, 
frontotemporal, Huntington’s disease, Creutzfeldt-Jakob disease, and Parkinson’s 
disease. For a further description of the various underlying dementia pathophysi-
ology, the reader is referred to other references where early recognition and treat-
ment are key aspects to maintain the patient’s quality of life [ 1 ,  2 ]. Mild cognitive 
impairment (MCI) is a recently recognized syndrome where a patient displays 
cognitive complaints without suffi cient severity to warrant a diagnosis of demen-
tia. About 10–15 % of MCI patients progress to AD [ 1 ]. Despite the recognition 
of the different dementia types and MCI, there are relatively few pharmacothera-
peutic interventions available. 

 Alzheimer’s disease is generally accepted to be related to a cholinergic defi cit in 
the cerebral cortex and other areas of the brain. The cholinesterase inhibitors 
(ChEIs) which prevent the action of cholinesterase enzymes in the synaptic cleft 
(tacrine, donepezil, rivastigmine, and galantamine) were the fi rst category of drugs 
approved for the treatment of Alzheimer’s disease [ 3 ]. However, the effi cacy of 
ChEIs is modest; therefore, the focus of research has shifted toward disease- 
modifying (and possibly disease prevention) strategies, revolving especially around 
amyloid and tau proteins. Still, consistently positive results with multiple ChEIs 
have clearly confi rmed the relevance of the cholinergic hypothesis and their use in 
AD therapy. Since present oral doses of ChEIs do not approach the limit of potential 
cholinesterase inhibition in the brain [ 4 ] due to dose-limiting adverse events, if it 
were possible to boost central cholinergic transmission further, without signifi cant 
gastrointestinal and peripheral side effects, then ChEIs might have a continuing role 
in AD pharmacotherapy. 

 Two categories of pharmacotherapy agents have been used for dementia with 
an initial focus on patients with AD. Use of these agents for the other dementia 
diseases continues to be explored and in some cases demonstrate effi cacy and 
regulatory agency approval. These two groups of drugs are the cholinesterase 
inhibitors (ChEI) and the NMDA receptor antagonist memantine (MEM) [ 5 ,  6 ]. 
Tacrine was the fi rst ChEI approved by the US FDA in 1993 for patients with mild 
to moderate AD, but its use has been starkly limited to due hepatotoxicity and this 
agent has not been included in treatment guidelines due to presence of the other, 
less problematic ChEIs [ 1 ,  7 ,  8 ]. However, tacrine will be included only in com-
parison to the other ChEIs’ pharmacokinetic (PK) and pharmacodynamic (PD) 
properties for completeness. Memantine blocks the NMDA receptor by blocking 
the binding of glutamate and is thought to provide therapeutic benefi t to patients 
with moderate to severe AD [ 5 ].  
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13.2     Clinical Pharmacokinetics of the Cholinesterase 
Inhibitors (ChEIs) 

 A summary of the clinical pharmacokinetic properties of the antidementia drugs is 
displayed in Table  13.1 .

13.2.1       Donepezil 

 Donepezil immediate-release (IR) formulations of 5 and 10 mg have been approved 
in the United States to treat mild to moderate AD, while the 10 mg and sustained- 
release formulation of 23 mg have been approved for mild to moderate and severe 
AD. 

  Absorption     Donepezil bioavailability after oral dosing regardless of formulation 
is near 100 %. The mean observed  T  max  of donepezil 5–10 mg tablets is longer than 
other ChEIs and occurs 3–5 h after dosing [ 9 ,  10 ]. The  T  max  for donepezil 23 mg 
sustained-release tablets is achieved approximately 6–8 h after dosing [ 11 ,  12 ]. 
Despite the longer rate of absorption, mean peak plasma concentrations are almost 

    Table 13.1    Summary of the clinical pharmacokinetic properties of the antidementia drugs   

 Property  Tacrine  Donepezil  Rivastigmine  Galantamine  Memantine 

 FDA approval  1993  1996  2000  2001  2003 
 Daily dose  40–160 mg  5–10 mg, 

23 mg a  
 3–12 mg (c, 
s), 9.5 (p) 

 16–24 mg, 
28 mg b  

 20 mg 

 Pharmacokinetics  Nonlinear  Linear  Nonlinear  Linear  Linear 
 Bioavailability (%)  37  100  35 (3 mg), 70 

(6 mg) 
 100  100 

  T  max  (h)  1–2  4 (IR, odt), 
6 (SR) 

 1 (c), 8 (p)  1 (IR), 4–5 
(ER) 

 3–8 

 Protein binding (%)  75  93  40  17  45 
  t  ½  (h)  1.3–7  70  1.5–2 (c), 3.4 

(p) 
 6–8  60–70 

 Metabolism  CYP1A2, 
2D6 

 CYP3A4, 
2D6 

 Esterases  CYP3A4, 
2D6 

 Minor 
extent 
 Major renal 
excretion 

  Adapted from Refs. [ 6 ,  21 ,  32 ] 
  IR  immediate-release,  T  max  time to reach peak plasma concentration,  t   ½   elimination half-life,  c  
capsule,  p  patch,  s  solution,  odt  oral disintegrating tablet,  CYP  cytochrome P450 
  a  SR  sustained-release 
  b  ER  extended-release  
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twofold higher for donepezil 23 mg tablets compared to the 10 mg tablets, suggest-
ing relative linearity [ 11 ]. Similarly mean AUC for the 5, 10, and 23 mg displays 
relative dose proportionality [ 11 ,  13 ]. The rate and extent of absorption of donepezil 
tablets are not infl uenced by food [ 9 ,  11 ], but administration with food may decrease 
gastrointestinal adverse events common with all ChEIs.  

  Distribution     The steady-state volume of distribution is 12–16 L/kg. Donepezil is 
approximately 96 % bound to human plasma proteins, mainly to albumins (about 
75 %) and alpha1-acid glycoprotein (about 21 %) over the concentration range of 
2–1000 ng/mL. Although protein binding is high, its relative affi nity for binding is 
low, meaning that donepezil does not displace other drugs that are tightly bound to 
plasma proteins [ 3 ].  

  Metabolism     Donepezil is metabolized by CYP2D6 and 3A4 and undergoes gluc-
uronidation. After oral administration donepezil undergoes extensive fi rst-pass 
metabolism. Following administration of 14C-labeled donepezil, plasma radioac-
tivity, expressed as a percent of the administered dose, was present primarily as 
intact donepezil (53 %) and as 6-O-desmethyl donepezil (11 %), which has been 
reported to inhibit AChE to the same extent as donepezil  in vitro  and was found in 
plasma at concentrations equal to about 20 % of donepezil [ 14 ]. Examination of the 
effect of CYP2D6 genotype in Alzheimer’s patients showed differences in clear-
ance values among CYP2D6 genotype subgroups. When compared to the extensive 
metabolizers, poor metabolizers had a 31.5 % slower clearance and ultrarapid 
metabolizers had a 24 % faster clearance. These results suggest CYP2D6 has a 
minor role in the metabolism of donepezil [ 3 ].  

 No signifi cant differences exist between elderly subjects with dementia and 
healthy young volunteers with regard to the pharmacokinetics of donepezil; [ 15 ] nor 
do gender differences seem to play a signifi cant role in drug metabolism [ 16 ]. No 
signifi cant racial differences (Japanese and Caucasian) have ever been reported, and 
a recent study in African-Americans demonstrated effi cacy comparable to that 
found in other groups [ 17 ]. Pharmacokinetics of donepezil ( C  max , AUC, Css, and 
degree of accumulation) did not differ between healthy and moderately impaired 
renal patients at a dose of 5 mg, suggesting that donepezil can be administered 
safely to patients with moderate renal impairment [ 18 ]. 

  Excretion     Following multiple-dose administration, the mean terminal half-life of 
donepezil is about 70 h, and steady state is reached within 15 days [ 9 ]. The mean 
apparent plasma clearance (Cl/F) is 0.13–0.19 L/h/kg [ 11 ]. The total plasma clear-
ance and renal clearance of donepezil are dose independent [ 9 ]. Donepezil is both 
excreted in the urine intact and extensively metabolized to four major metabolites, 
two of which are known to be active, and a number of minor metabolites, not all of 
which have been identifi ed. Approximately 57 and 15 % of the total radioactivity 
were recovered in urine and feces, respectively, over a period of 10 days, while 
28 % remained unrecovered, with about 17 % of the donepezil dose recovered in the 
urine as unchanged drug [ 14 ]. The lower, but clinically effective, dose of donepezil 
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5 mg/day can be safely given to individuals with mild to moderate hepatic disease 
[ 19 ] and renal impairment [ 18 ].  

  Formulation Impact     Donepezil is available for oral administration in fi lm-coated 
tablets containing 5, 10, or 23 mg of donepezil hydrochloride. In addition, donepe-
zil is available in orally disintegrating tablets (ODTs) containing 5 or 10 mg of 
donepezil hydrochloride. While the original tablet is meant to be swallowed whole, 
the ODT formulation is a rapidly disintegrating tablet meant to be dissolved on the 
tongue and followed with water. The 5 and 10 mg donepezil ODTs are bioequiva-
lent to donepezil 5 mg and 10 mg tablets, respectively [ 11 ]. The ODT formulation 
may be preferred in patients with diffi culty swallowing or other conditions where 
rapid disintegration of the tablet may be benefi cial such as willful noncompliance.  

  Pharmacokinetic Dosing Regimen     The recommended starting dose of donepezil 
is 5 mg once daily. Evidence from the controlled trials in mild to moderate 
Alzheimer’s disease indicates that the 10 mg dose, with a 1 week titration, is likely 
to be associated with a higher incidence of cholinergic adverse events compared to 
the 5 mg dose. In open-label trials using a 6-week titration, the type and frequency 
of these same adverse events were similar between the 5 and 10 mg dose groups. 
Therefore, because donepezil steady state is achieved about 15 days after it is started 
and because the incidence of untoward effects may be infl uenced by the rate of dose 
escalation, a dose of 10 mg should not be administered until patients have been on 
a daily dose of 5 mg for 4–6 weeks. A dose of 23 mg once daily can be administered 
once patients have been on a dose of 10 mg once daily for at least 3 months .    

13.2.2      Rivastigmine 

  Absorption     Rivastigmine is administered orally and is absorbed rapidly and com-
pletely (96 %), reaching peak plasma concentrations within 0.5–1.7 h [ 20 ,  21 ]. The 
absolute bioavailability of rivastigmine is 36 % due to a signifi cant fi rst-pass effect 
[ 22 ]. Rivastigmine displays a nonlinear relationship with capacity-limited elimina-
tion and dose to AUC such that when doses of 2, 8, and 12 mg were administered, 
the corresponding mean AUCs were 6.2 ± 3.2, 41.7 ± 13.0, and 55.9 ± 16.5 μg · h/L, 
respectively [ 6 ,  21 ]. When administered with food, the time to maximum concentra-
tion is increased, resulting in a decrease in  C  max  of about 30 % [ 23 ]. Despite the 
decrease in  C  max , the AUC is increased by approximately 30 % [ 21 ]. Considering the 
increased extent of absorption and improved tolerability to GI adverse events, it is 
recommended that rivastigmine should be administered with food.  

  Distribution     Rivastigmine is weakly bound to plasma proteins (~40 %) [ 21 ,  24 ]. 
The volume of distribution of rivastigmine and its metabolite (NAP 226-90) are 
1.8–2.7 and 4.3–5.9 L/kg, respectively [ 21 ,  25 ]. It readily crosses the blood–brain 
barrier, reaching CSF peak concentrations in 1.4–2.6 h [ 24 ]. Peak CSF  concentrations 
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were about 40 % of those detected in plasma, with rapid clearance characterized by 
a  t  1⁄2  β  that ranged from 0.3 to 3.0 h. A signifi cant correlation was found between 
dose and AUC for rivastigmine and its NAP-226-90 metabolite ( r  = 0.84,  p  < 0.0001; 
 r  = 0.92,  p  < 0.0001, respectively). Similar results were found comparing rivastig-
mine plasma and CSF AUCs ( r  = 0.93,  p  < 0.0001).  

  Metabolism     Rivastigmine is rapidly metabolized and one metabolite, NAP 226- 
90, has been found in the CSF, plasma, and urine [ 26 ]. The metabolite may undergo 
N-demethylation as well as conjugation [ 27 ]. The mean  T  max  for NAP-226-90 was 
2.93 h and mean  C  max  was 3.14 ± 0.57 μg/L; however this metabolite shows minimal 
inhibition of acetylcholinesterase (<10 %) [ 24 ]. NAP-226-90 appears to be reduced 
in patients with renal and mild to moderate hepatic impairment; therefore dosage 
recommendations to titrate according to individual tolerability should be closely 
followed in these patients [ 26 ].  

  Excretion     The pharmacokinetic half-life of rivastigmine in patients with AD is 
about 1.5 h, whereas the pharmacodynamic (see Sect.  13.4 ) half-life is about 10.0 h 
[ 28 ]. Rivastigmine binds to the esteratic site of the AChE enzyme causing a “pseudo- 
irreversible” state, resulting in a much longer pharmacodynamic effect than the 
short plasma half-life of the drug would predict [ 22 ,  27 ]. Rivastigmine is inactivated 
by cleavage to a phenolic product during the process of inhibiting acetylcholinester-
ase and is excreted as the metabolite NAP 226-90 via the kidneys [ 23 ]. As in patients 
with hepatic impairment, dose adjustment in patients with renal dysfunction does 
not appear to be warranted because the starting dose is low and followed by titration 
to tolerance or the maximum dose [ 27 ].  

  Formulation Impact     In addition to the oral capsules and oral solution, rivastig-
mine is also available as a transdermal patch. For patients switching from an oral 
dosage to the transdermal formulation, those who are on a total daily dose of <6 mg 
of oral rivastigmine can be switched to the 4.6 mg/24 h transdermal patch and 
patients on a total daily dose of 6–12 mg of oral rivastigmine can be switched to the 
9.5 mg/24 h patch [ 24 ]. Patients initiating therapy on the transdermal formulation or 
patients who are re-initiating therapy after a dosing hiatus (>3 days) should start 
titration at the 4.6 mg/24 h dose for a minimum of 4 weeks before considering dose 
escalation based on tolerability. After the initial application of the transdermal for-
mulation, there is a lag time of 0.5–1 h in the absorption of rivastigmine. 
Concentrations then rise slowly typically reaching a maximum after 8 h, although 
maximum values ( C  max ) can also occur later (at 10–16 h). A transdermal dose of 
9.5 mg/24 h results in exposure approximately equal to an oral dose of 6 mg twice 
daily (i.e., 12 mg/day) [ 24 ]. Less metabolite is formed following transdermal dosing 
versus oral dosing due to the bypass of fi rst-pass metabolism.  

  Pharmacokinetic Dosing Regimen     Due to the incidence of nausea and vomiting, 
rivastigmine requires a titration period of 4–12 weeks to reach effective doses ver-
sus donepezil (0–6 weeks) [ 29 ]. Tolerance of effective doses varies greatly among 
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patients, resulting in signifi cant variation in titration time to an effective dose of 
rivastigmine (6–12 mg/day) from patient to patient. Initiation of oral therapy 
should occur at the lowest dose (3 mg/day divided oral dose) for a minimum of 
2 weeks before dose escalation with a target dose of 6–12 mg/day. Initiation of 
transdermal should occur at 4.6 mg/24 h for a minimum of 4 weeks with a target 
dose of 9.5–13.3 mg/24 h [ 17 ]. Once the maximally tolerated dose is achieved, the 
compound is well tolerated and has shown no evidence of liver or hematopoietic 
toxicity [ 29 ].   

13.2.3     Galantamine 

  Absorption     Galantamine is well absorbed with absolute oral bioavailability of 
about 90 %. Galantamine is rapidly and completely absorbed with time to peak 
concentration about 1 h. Bioavailability of the tablet was the same as the bioavail-
ability of an oral solution. Food did not affect the AUC of galantamine but  C  max  
decreased by 25 % and  T  max  was delayed by 1.5 h [ 31 ].  

  Distribution     The mean volume of distribution of galantamine is 175 L. The plasma 
protein binding of galantamine is 18 % at therapeutically relevant concentrations. In 
whole blood, galantamine is mainly distributed to blood cells (52.7 %). The blood 
to plasma concentration ratio of galantamine is 1.2 [ 21 ,  31 ].  

  Metabolism     Galantamine is metabolized by hepatic cytochrome P450 enzymes, 
glucuronidated, and excreted unchanged in the urine.  In vitro  studies indicate that 
cytochrome CYP2D6 and CYP3A4 were the major cytochrome P450 isoenzymes 
involved in the metabolism of galantamine, and inhibitors of both pathways increase 
oral bioavailability of galantamine modestly. O-demethylation, mediated by 
CYP2D6, was greater in extensive metabolizers of CYP2D6 than in poor metaboliz-
ers. In plasma from both poor and extensive metabolizers, however, unchanged 
galantamine and its glucuronide accounted for most of the sample radioactivity. In 
studies of oral 3H-galantamine, unchanged galantamine and its glucuronide 
accounted for most plasma radioactivity in poor and extensive CYP2D6 metaboliz-
ers. Up to 8 h post-dose, unchanged galantamine accounted for 39–77 % of the total 
radioactivity in the plasma and galantamine glucuronide for 14–24 %. After i.v. or 
oral administration, about 20 % of the dose was excreted as unchanged galantamine 
in the urine in 24 h, representing a renal clearance of about 65 mL/min, about 
20–25 % of the total plasma clearance of about 300 mL/min [ 30 ].  

  Excretion     By 7 days, 93–99 % of the radioactivity had been recovered, with about 
95 % in urine and about 5 % in the feces. Total urinary recovery of unchanged 
galantamine accounted for, on average, 32 % of the dose and that of galantamine 
glucuronide for another 12 % on average. In patients with moderately impaired 
hepatic or renal function, dose titration should proceed cautiously. The use of 
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 galantamine in patients with severe hepatic or renal impairment is not recommended 
[ 30 ,  31 ,  33 ].  

  Formulation Impact     Galantamine 24 mg extended-release (ER) capsules admin-
istered once daily under fasting conditions are bioequivalent to galantamine tablets 
12 mg administered twice daily with respect to AUC and  C  min . The  C  max  and  T  max  of 
the ER capsules were lower and occurred later, respectively, compared with the 
immediate-release tablets, with  C  max  about 25 % lower and median  T  max  occurring 
about 4.5–5.0 h after dosing. Dose proportionality is observed for galantamine ER 
capsules over the dose range of 8–24 mg daily, and steady state is achieved within a 
week. There was no effect of age on the pharmacokinetics of galantamine ER cap-
sules. CYP2D6 poor metabolizers had drug exposures that were approximately 
50 % higher than for extensive metabolizers. There are no appreciable differences 
in pharmacokinetic parameters when galantamine ER capsules are given with food 
compared to when they are given in the fasted state.  

  Pharmacokinetic Dosing Regimen     Galantamine tablets and oral solution should 
be administered twice per day, preferably with the morning and evening meals. 
Dose escalation should follow a minimum of 4 weeks at prior dose. If therapy has 
been interrupted for more than 3 days, the patient should be restarted with the low-
est dose and then re-titrated to an appropriate dosage. Recommended starting dos-
age for galantamine tablets and oral solution is 4 mg twice daily; increase dose to 
initial maintenance dosage of 8 mg twice daily after a minimum of 4 weeks. Based 
upon assessment of clinical benefi t and tolerability, dosage may be increased to 
12 mg twice daily after a minimum of 4 weeks at 8 mg twice daily. Galantamine 
extended-release (ER) capsules should be administered once daily in the morning, 
preferably with food. Recommended starting dosage for galantamine ER is 8 mg/
day in the morning; increase dose to an initial maintenance dose of 16 mg/day after 
a minimum of 4 weeks. Based upon assessment of clinical benefi t and tolerability, 
dosage may be increased to 24 mg/day after a minimum of 4 weeks at 16 mg/day. 
Conversion from galantamine tablets or oral solution to galantamine ER should 
occur at the same daily dosage with the last dose of galantamine tablets/oral solu-
tion taken in the evening and starting galantamine ER once daily treatment the next 
morning [ 34 ].    

13.3     Population Pharmacokinetics of the ChEIs 

 An extensive population PK study with donepezil was conducted in AD patients 
( N  = 129) that included plasma drug concentrations and pharmacogenetic data [ 35 ]. 
The pharmacogenetic data included CYP2D6 status, CYP3A, ABCB1, POR, and 
NR1/2. The CYP POR is a protein that transfers electrons from NADPH to micro-
somal CYP enzymes and might be a “general” limiting factor in drug metabolism. 
The pregnane X receptor (PXR) is a nuclear receptor encoded by the NR1/2 gene 
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that regulates detoxifying enzymes and transporters. A one-compartment model 
with fi rst-order absorption and elimination best described the donepezil data and a 
two-compartment model also tested did not enhance the fi nal model. The model 
found that CYP2D6 PMs had a reduced donepezil clearance by 32 % and ultrarapid 
metabolizers (UMs) had an increased drug clearance by 24 % compared to the EMs. 
A donepezil therapeutic plasma concentration range of 30–75 ng/mL was suggested 
for AD patients. The other pharmacogenetic variables were found not to be signifi -
cant factors. A population pharmacokinetic analysis indicates ( n  = 539 males and 
550 females) that galantamine clearance is about 20 % lower in females than in 
males (explained by lower body weight in females), while race ( n  = 1029 White; 24 
Black; 13 Asian; and 23 other) did not affect the clearance of galantamine. 
Galantamine clearance was infl uenced by age and hepatic and renal impairment 
where CYP2D6 PMs demonstrated lower clearance rates but dosage adjustments 
were not necessary in the population [ 6 ,  31 ,  36 ]. A small rivastigmine population 
PK study was conducted in AD patients ( N  = 18) that used a one-compartment 
model with fi rst-order absorption and elimination [ 37 ]. Plasma and CSF concentra-
tions for rivastigmine and its metabolite were analyzed. The population PK clear-
ance for rivastigmine and its metabolite was found to be 120 L/h and 100 L/h, 
respectively. The plasma/CSF ratio for rivastigmine and its metabolite was 0.398 
and 0.895, respectively. Rivastigmine bioavailability for the 6 mg dose was reported 
to be 40 % greater than the lower drug doses and similar to the previous bioavail-
ability study [ 38 ].  

13.4      Clinical Pharmacodynamics of the ChEIs 

 Assessment of the ChEIs pharmacodynamic (PD) activities can involve various bio-
markers and, like other CNS disorders, clinical rating scales designed to detect dif-
ferences between a placebo control group and the treatment group. Clinical drug 
trials typically employ at least two different drug doses versus the placebo control 
group. Rarely, a dementia clinical drug trial will examine greater than three drug 
doses due to the large number of patients required to detect a statistical difference 
based upon power analysis, the study’s cost, and time. Dementia clinical trials are 
the longest in duration and require a placebo control usually for at least six months 
but can be as long as for 1–2 years. Various biomarkers include cholinesterase 
enzyme inhibition, plasma drug concentrations, PET scan data, and clinical rating 
scales. The key feature is how to integrate the data into a cohesive manner to dif-
ferentiate a true drug effect from the placebo group. 

  Cholinesterase Enzyme Inhibition     A summary of PD actions for the antidemen-
tia drugs is shown in Table  13.2 . Two enzymes are responsible for the breakdown of 
acetylcholine in the synapse and are known as acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE). The ChEIs prevent the breakdown of acetylcholine 
by inhibiting the actions of these enzymes, thereby prolonging neurotransmission 
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[ 5 ,  6 ,  21 ]. The PD model for cholinesterase enzyme inhibition follows the hyper-
bolic curve (shown in Fig.  13.1 ) that is based upon the sigmoidal  E  max  Model: 
 E  =  E  max  • C/EC 50  + C [ 39 ]. As drug dosages increase with subsequent elevations in 
plasma drug concentrations, enzyme inhibition will reach a plateau at about 
70–80 % and will not exceed 100 %. Cholinesterase inhibition can be measured 
from plasma, red blood cells (RBCs), and CSF [ 6 ,  21 ,  28 ,  40 ].

     Tacrine is a rapidly reversible ChEI with affi nity to both acetyl cholinesterase 
(AChE) and butyrylcholinesterase (BChE) but is no longer on the market in devel-
oped countries and therefore will not be addressed here. At present, three ChEIs are 
available for treatment of AD; donepezil, rivastigmine, and galantamine. Donepezil 
is the most selective, rapidly reversible, mixed competitive and noncompetitive 
AChE inhibitor. Galantamine is a selective, rapidly reversible, competitive ChEI 
and may act as an allosteric potentiating ligand of nicotinic acetylcholine receptors. 
Rivastigmine is a dual inhibitor of AChE and BChE, with a pseudo-irreversible 
mode of inhibition. It is the only ChEI that produces sustained inhibition without 
any signifi cant increase in the expression of the target enzymes. A PK-PD model for 
rivastigmine in AD patients ( N  = 18) showed that a one-compartment PK model 
analyzed with the sigmoidal  E  max  PD model described drug dose, plasma, and CSF 
concentrations to AChE inhibition [ 37 ]. A conceptual model proposed that a range 

   Table 13.2    Summary of the pharmacodynamic properties of the antidementia drugs   

 Property  Tacrine  Donepezil  Rivastigmine  Galantamine  Memantine 

 Inhibition  Rapid 
reversible 

 Rapid 
reversible 

 Pseudo- 
irreversible 

 Rapid 
reversible 

 NMDA 
antagonist 

 AChE/BChE  BChE > AChE  AChE >> BChE  AChE = BChE  AChE > BChE  N/A 
 CNS vs 
peripheral 

 Yes  Yes  Yes  No  N/A 

 ACh isoform  No  No  G1 > G4  No  N/A 
 Nicotinic effect  No  No  No  Yes  N/A 

  Adapted from Refs. [ 6 ,  21 ] 
  ACh  acetylcholine,  AChE  acetylcholinesterase,  BChE  butyrylcholinesterase,  CNS  central nervous 
system  
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of 40–70 % for total cholinesterase inhibition produced the optimal therapeutic ben-
efi t and inhibition greater than 80 % leads to adverse side effects limiting their use 
in patients [ 21 ]. 

 Rivastigmine was found to have a dose-dependent effect for CSF AChE inhibi-
tion reaching 62 % at the maximum 6 mg twice-daily oral dose. This dose-depen-
dent effect was not found for BChE inhibition but still produced inhibition of 62 % 
at the maximum 6 mg twice daily oral dose [ 28 ]. ChEIs prescribed at their regula-
tory agency “approved” doses achieve an enzyme inhibition of about 40–70 % [ 21 ]. 
Rivastigmine and galantamine have additional PD features that differ from donepe-
zil. Rivastigmine was reported to preferentially inhibit the AChE G1 form as the G4 
form becomes reduced as the disease progresses, which may aid in its therapeutic 
benefi ts and reduction in adverse side effects such as muscle cramps and weakness 
[ 41 ]. Galantamine was shown to bind to the presynaptic nicotinic receptors leading 
to an allosteric modulation that stimulates acetylcholine release [ 31 ]. Due to these 
actions on the cholinergic system by the ChEIs, common GI adverse side effects 
occur as indicated by nausea, vomiting, and diarrhea. A longitudinal AD patient 
study ( N  = 171) evaluated CYP2D6 status and BChE inhibition with various ChEIs. 
A lack of correlation was found between these two variables and clinical response 
to the ChEIs [ 42 ]. 

  Plasma ChEI Concentrations     A population PK study using model-based sim-
ulations reported that donepezil 10 mg in AD patients ( N  = 129) had a therapeu-
tic plasma concentration range of 30–75 ng/mL and an average of 51 ng/mL 
[ 35 ]. Donepezil 5 mg was evaluated in Taiwanese AD patients ( N  = 37) and 
plasma concentrations obtained after 6 months of treatment [ 43 ]. Cognition was 
assessed using the Cognitive Abilities Screening Instrument (CASI) that con-
tains nine different measures for memory. A signifi cant correlation between the 
total CASI score and donepezil plasma concentration was not found (mean ± S.D.) 
68.7 ng/mL ± 33.3. A subscale analysis found that only long-term memory was 
noted to improve with a mean plasma concentration of 75.1 ng/mL ± 32.2. 
Plasma concentrations and clinical response studies have not been reported with 
the other ChEIs.  

  Clinical Trials with ChEIs     It is beyond the scope of this chapter to review all the 
clinical registration trials with the ChEIs and the reader is referred to other sources 
[ 21 ,  31 ,  32 ,  44 ]. ChEI clinical trials are initially focused on patients with mild to 
moderate AD. The primary clinical effi cacy rating scales used were the Alzheimer’s 
Disease Assessment Scale cognition subscale (ADAS Cog) and the Clinician’s 
Interview-Based Impression of Change Plus Caregiver Input (CIBIC-Plus). The 
clinical trials were at least 6 months with usually about four assessments obtained 
during the study. The PD goal was to achieve minimal cognitive decline over time 
that statistically differentiates drug from the placebo group.  

 The clinical drug trials outside of evaluating PK studies have involved different 
formulations in mild to moderate AD patients such as with the transdermal rivastig-
mine patch (see Section  13.2.2 , Formulation Impact) and ChEI SR and ER products. 
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However, donepezil 23 mg will be briefl y presented as this product represented a 
formulation change (higher dose) and expanded disease indication (moderate to 
severe AD). A large multicenter clinical trial ( N  = 1371) compared donepezil 23 mg 
SR to donepezil 10 mg daily in moderate to severely ill AD patients [ 45 ]. The pri-
mary indicators for effi cacy were the clinical rating scale Severe Impairment Battery 
(SIB), which is a 40-item tool that assesses cognitive function in patients with 
advanced dementia and the Clinician’s Interview-Based Impression of Change Plus 
Caregiver Input (CIBIC-Plus) obtained at baseline and at week 24 of the study. A 
statistically signifi cant difference in the mean (±SEM) SIB scores were found com-
paring donepezil 23 mg SR and donepezil 10 mg groups (+2.6 [0.58] versus + 0.4 
[0.66],  p  < 0.001). A signifi cant difference in the CIBIC-Plus scores was not found 
between the groups. Donepezil 23 mg was well tolerated but had a greater incidence 
of nausea (11.8 % versus 3.4 %) and vomiting (9.2 % versus 2.5 %) than the done-
pezil 10 mg dose. However, these GI adverse effects occurred typically during the 
fi rst month and substantially lessened afterwards [ 46 ]. 

  Positron Emission Tomography (PET) Studies     PET studies in AD patients have 
revealed reductions in the metabolic activity of cholinergic neurons. An  in vivo  PET 
study was conducted using  11 C-donepezil 5 mg that was intravenously administered 
to mild and moderate AD patients and was compared to an elderly group of normal 
subjects [ 47 ]. Patients with mild and moderate AD had about a 20 and 30 % reduc-
tion of donepezil binding to the neocortex and hippocampus, respectively. A signifi -
cant correlation between the volume of hippocampal density and Mini-Mental 
Status Exam score was found ( r  = 0.659,  p  < 0.038). PET utilization may be a tool 
for assessing therapeutic response to ChEIs as noted in these preliminary studies 
[ 48 ,  49 ].  

 Using  18 F-fl uorodeoxyglucose to measure brain metabolism, rivastigmine was 
compared to placebo in AD patients ( N  = 27) when PET scans were obtained at base-
line and at week 26 [ 50 ]. Rivastigmine produced a signifi cant increase in overall 
brain metabolism ( p  < 0.01) with specifi c areas like the prefrontal cortex 41 % 
( p  < 0.05) and hippocampus 32 % ( p  < 0.03) in AD patients with CIBIC-Plus scores 
that remain stable or improved. Patients who had declining CIBIC-Plus scores did not 
display metabolic improvements noted in the PET scans. A longitudinal PET study 
was conducted in AD patients ( N  = 11) treated with rivastigmine and compared to 
untreated AD patients ( N  = 10) over a 1 year time period [ 51 ]. Rivastigmine doses of 
10–12 mg/day had a positive correlation between cognitive tests and cerebral glucose 
metabolism especially noted in the frontal cortical and temporo- parietal regions. 
These results suggest that rivastigmine may provide a “stabilization” effect for long-
term treatment. A longitudinal PET study in mild AD patients ( N  = 11) was conducted 
with rivastigmine that combined PET scan data, CSF AChE and BChE inhibition, and 
cognitive assessments [ 52 ]. Data was collected at baseline, 3 months and 12 months 
after starting rivastigmine with 9–12 mg used throughout the study. The PET scan 
assessed  11 C-nicotine binding sites as cortical nicotinic receptors were noted to 
decline over time in patients with AD. After 3 months, cortical nicotine binding sites 
were signifi cantly increased ( p  < 0.05) and signifi cantly correlated with AChE inhibi-
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tion ( r  = 0.68,  p  < 0.03) and with BChE inhibition ( r  = 0.70,  p  < 0.03). A positive asso-
ciation with attention and nicotinic binding was reported but details were not provided 
on other cognitive assessments. This study  emphasized that the complex nature of 
evaluating patients with dementia requires the use of various PK and PD assessments 
in attempting to integrate a pharmacotherapeutic approach to therapy. 

 An open-label PET study with galantamine 16–24 mg in mild to moderate AD 
patients ( N  = 19) was conducted to assess brain metabolism with  18 F-deoxyglucose 
and treatment response [ 53 ]. The PET scan results indicate that an increased left 
caudate metabolism and signifi cant activation of the thalamofrontal network with 
galantamine treatment. This occurrence was not present in patients who worsened. 
A signifi cant correlation was found between the ADAS Cog and the left anterior 
cingulate metabolism ( r  = 0.70,  p  = 0.02). This initial PET study with galantamine 
showed improvements in the prefrontal network and thalamic activation. A subse-
quent set of PET studies with galantamine was conducted by the same investigators 
using PET, CSF AChE inhibition, and nicotine binding [ 54 ,  55 ]. Galantamine 
16–24 mg/day was used in AD patients ( N  = 12) and compared with AD patients 
taking placebo ( N  = 6) and data collected at baseline and 9 months later [ 54 ]. The 
AChE inhibition ranged between 30 and 36 % throughout the study and signifi -
cantly correlated with the nicotinic binding ( r  = 0.99,  p  < 0.0001). A signifi cant cor-
relation was reported between RBC AChE inhibition and plasma galantamine 
concentrations ( r  = 0.81,  p  < 0.0001). A positive correlation was found with plasma 
AChE inhibition and cognitive assessments with attention and visuospatial ability 
( r  = 0.68,  p  < 0.005;  r  = 0.51,  p  < 0.05, respectively). A signifi cant correlation between 
plasma and CSF galantamine concentration was reported ( r  = 0.96,  p  < 0.0001) and 
plasma galantamine with nicotinic binding at 3 months ( r  = 0.65,  p  < 0.04) but not at 
12 months ( r  = 0.46,  p  < 0.10) [ 55 ]. Signifi cant correlations were found between 
cognitive assessments and the left anterior cingulate cortex at 12 months ( r  = 0.68, 
 p  < 0.05) and left frontal cortex ( r  = 0.61,  p  < 0.04). These studies indicate that galan-
tamine produced long-term AChE inhibition associated with signifi cant correlations 
between nicotinic binding, cognition, enzyme inhibition, and drug concentrations.  

13.5     Clinical Pharmacokinetics of the NMDA 
Receptor Antagonist 

 Memantine (MEM) is presently the only NMDA receptor antagonist agent that was 
FDA approved in 2003 for antidementia pharmacotherapy. MEM is specifi cally indi-
cated for patients with moderate to severe AD [ 56 ]. MEM can be used as monother-
apy but is more commonly prescribed with a ChEI [ 56 ,  57 ]. MEM pharmacokinetic 
(PK) properties are shown in Table  13.1 . Following oral administration, MEM is 
highly absorbed with peak concentrations reached in about 3–7 h. MEM has linear 
pharmacokinetics over the therapeutic dose range. Food has no effect on the absorp-
tion of MEM. Mean AUC0-∞ increased by 4 %, 60 %, and 115 % in subjects with 
mild, moderate, and severe renal impairment, respectively, compared to healthy 
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subjects. The mean volume of distribution of MEM is 9–11 L/kg and the plasma 
protein binding is low (45 %). MEM undergoes partial hepatic metabolism. The 
hepatic microsomal CYP450 enzyme system does not play a signifi cant role in the 
metabolism of MEM. MEM is excreted predominantly (about 48 %) unchanged in 
urine and has a terminal elimination half-life of about 60–80 h [ 56 ,  58 ]. The remain-
der is converted primarily to three polar metabolites which possess minimal NMDA 
receptor antagonistic activity: the N-glucuronide conjugate, 6-hydroxy MEM, and 
1-nitroso-deaminated MEM. A total of 74 % of the administered dose is excreted as 
the sum of the parent drug and the N-glucuronide conjugate [ 58 ]. Renal clearance 
involves active tubular secretion moderated by pH-dependent tubular reabsorption. 
No dosage adjustment is recommended for patients with mild and moderate renal 
impairment. The terminal elimination half-life increased by 18 %, 41 %, and 95 % in 
subjects with mild, moderate, and severe renal impairment, respectively, compared to 
healthy subjects. Dosage should be reduced in patients with severe renal impairment 
[ 59 ,  60 ]. 

  Formulation Impact     MEM is available as both an extended release capsule and an 
oral solution. No pharmacokinetic differences are expected between the different 
formulations.  

  Pharmacokinetic Dosing Regimen     The recommended starting dose of the 
extended release capsule is 7 mg once daily. Dose increases should occur at a mini-
mum of one week to the recommended maintenance dose of 28 mg once daily. The 
recommended starting dose of MEM oral solution is 5 mg (2.5 mL) once daily. The 
dose should be increased in 5 mg increments to 10 mg/day (2.5 mL twice daily), 
15 mg/day (2.5 and 5 mL as separate doses), and 20 mg/day (5 mL twice daily). The 
minimum recommended interval between dose increases is 1 week. The dosage 
shown to be effective in controlled clinical trials is 20 mg/day (5 mL twice daily).  

  Population Pharmacokinetics     MEM pharmacokinetics was evaluated following the 
administration of single oral doses of 20 mg in eight subjects with moderate hepatic 
impairment (Child-Pugh Class B, score 7–9) and eight subjects who were age-, gen-
der-, and weight-matched to the hepatic-impaired subjects. There was no change in 
memantine exposure (based on  C  max  and AUC) in subjects with moderate hepatic 
impairment as compared with healthy subjects. However, terminal elimination half-
life increased by about 16 % in subjects with moderate hepatic impairment as com-
pared with healthy subjects. No dose adjustment is recommended for patients with 
mild and moderate hepatic impairment. MEM should be administered with caution to 
patients with severe hepatic impairment as the pharmacokinetics of MEM has not been 
evaluated in that population. Following multiple-dose administration of MEM 20 mg 
daily, females had about 45 % higher exposure than males, but there was no difference 
in exposure when body weight was taken into account. A population PK MEM model 
was reported that a two-compartment open model with fi rst- order absorption described 
MEM disposition [ 61 ]. The population MEM CL was 4.95 L/h and the volume of 
distribution 294 L. The fi nal regression model indicated that body weight, presence of 
concomitant medications, and formulation (tablets versus solution) were signifi cant 
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factors that infl uenced MEM CL and explained for 61 % of the interpatient variability. 
A later MEM population PK study ( N  = 108) also included genotyping for the renal 
cation transporters (SLC22A1/2/5, SLC47A1, and ABCB1) and nuclear receptors 
(NR1/2, NR1/3, PXR, and PPAR) involved with transporter expression [ 61 ]. This 
study found that a one-compartment open model with fi rst-order absorption provided 
the best fi t for the data with a population MEM CL of 5.2 L/h and the volume of dis-
tribution of 194 L. Renal function, sex, and the NR1/2 genotype infl uenced MEM CL 
and explained for 27 % of the interpatient variability. Patients with the NR1/2 CT/TT 
genotypes had a 16 % reduced MEM CL compared to the CC genotypes.  

 A MEM PK study compared 10 mg twice daily to 20 mg once daily with simu-
lated data using a one-compartment model dosed for 21 days using population PK 
parameters for a 70 kg person [ 62 ]. These results showed that MEM plasma concen-
tration time curves were similar for both doses and that MEM can be conveniently 
given on a once-daily basis. Recently, a once-daily MEM 7 mg, 14 mg, 21 mg, and 
28 mg extended-release (ER) formulations were FDA approved in 2013. The spon-
sor discontinued manufacturing original MEM tablets on August 15, 2014, and only 
recommends the use of the ER formulation. Patients were suggested to be transi-
tioned from MEM 10 mg twice daily to the ER 28 mg once daily. A PK simulation 
study reported that the 28 mg ER dose yielded a 37 % higher MEM steady-state 
trough concentration, whereas the 21 mg ER had similar profi le of the 10 mg twice- 
daily product [ 63 ]. Therefore, careful patient monitoring is needed, and the sugges-
tion was to initially transition the patient to the 21 mg ER product instead of the 
28 mg ER formulation.  

13.6     Clinical Pharmacodynamics of the NMDA 
Receptor Antagonist 

 MEM is an NMDA receptor antagonist with possible neuroprotective effects that 
prevents abnormal glutamate neurotransmission. It has been suggested that excess 
glutamate levels and chronic neuronal depolarization results in NMDA receptor 
dysfunction with excessive calcium neuronal infl ux leading to cell death [ 56 ]. MEM 
serum and CSF concentrations were examined in patients ( N  = 6) and an average 
CSF/serum concentration ratio of 0.52 was found [ 64 ]. MEM CSF levels were sig-
nifi cantly correlated to the serum MEM concentrations ( r  = 0.99,  p  < 0.002). One 
patient was treated with MEM 20 mg/day and had a MEM serum and CSF concen-
tration of 0.374 μM and 0.207 μM, respectively. The  K  i  value for the NMDA recep-
tor was determined to be at 0.5 μM using preclinical human frontal cortex tissue. 
Therefore, it was suggested that the MEM 20 mg/day dose could provide adequate 
drug concentrations for NMDA receptor antagonism. 

  Clinical MEM Trials     It is beyond the scope of this chapter to discuss the num-
ber of MEM clinical trials and the reader is referred elsewhere [ 56 ]. This section 
will only focus on the once-daily dosing regimen and the recent MEM 28 mg ER 
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formulation. A once-daily MEM dosing study was conducted patients with 
 moderate to severe AD ( N  = 78) where patients were assigned three different 
 regimens: 10 mg twice daily (control) and 20 mg once daily with two different 
starting dosing strategies (10 mg/day increased weekly versus 5 mg/day increased 
weekly) [ 65 ]. The results showed that all three regimens were adequately toler-
ated and that patients can be given 20 mg once daily irrespective of the starting 
dosing schedule.  

 A multinational clinical trial with MEM 28 mg ER was conducted in patients 
with moderate to severe AD ( N  = 677) where patients were randomized to placebo 
or MEM for 24 weeks [ 66 ]. The mean SIB score for the MEM group signifi cantly 
differed from the placebo group (MEM 2.7 versus placebo 0.3,  p  < 0.001). A similar 
fi nding for the MEM group was reported with the mean CIBIC-Plus score ( p  < 0.008), 
which lead to the FDA approval for the 28 mg ER product. MEM was well tolerated 
with most adverse events occurring less than 6 %. Diarrhea was noted at 5 % but the 
placebo rate reported an incidence of 3.9 %. The incidence of nausea was lower for 
the MEM group than the placebo group (1.5 % versus 2.1 %). 

  Positron Emission Tomography (PET) MEM Studies     An early PET study with 
 18 F-MEM in healthy volunteers ( N  = 5) was conducted to determine the feasibility of 
using this ligand for AD patients [ 67 ]. It was found that  18 F-MEM was distributed 
to various gray matter in the cortex and basal ganglia and described by a one- 
compartment tissue model. The compound was distributed into the white matter 
similar to the gray matter and thereby did not refl ect regional NMDA receptor speci-
fi city. As such, this ligand was reported to be unsuitable for further research in AD 
patients.  

 Patients ( N  = 16) with frontotemporal dementia (FTD) were treated with MEM 
20 mg/day for 2 months and were assessed by PET scan with fl uorodeoxyglucose 
for cerebral metabolic activity prior to and after MEM treatment [ 68 ]. The primary 
endpoint was enhancement of cortical metabolic activity and secondary endpoints 
were mood and behavioral disturbance, executive function, and motor disturbance. 
MEM produced an enhanced cortical metabolic activity by 4–13 % in the left fron-
tal cortex ( p  < 0.01) among 8 of the 16 patients. Correlations between metabolic 
activity and behavioral inventories were not found. A subsequent study followed six 
patients (among the 8 patients with enhanced metabolic activity) that continued 
with MEM 20 mg/day treatment and were assessed at the 6 month time period [ 69 ]. 
The results showed a sustained cortical metabolic activity ( p  < 0.013) from the base-
line. Additional studies were suggested and to include a longer time period for at 
least 1 year. 

 An early PET study evaluated the addition of MEM 10 mg twice daily to patients 
with mild to moderate AD ( N  = 17) taking stabilized doses of any ChEIs [ 70 ]. MEM 
treatment was for 10 weeks and PET scans were taken prior to MEM and at the 
study endpoint. Preliminary results indicated that increased metabolic activity was 
observed in the inferior temporal gyrus and angular/supramarginal gyrus, but sig-
nifi cant improvements in dementia rating scores were not found. However, signifi -
cant improvements were reported with the behavioral ratings ( p  < 0.009) associated 
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with increased metabolism in the right parietal and temporal cortex. A PET study in 
patients with moderate to severe AD ( N  = 22) with MEM 20 mg/day was conducted 
where scans were obtained at baseline and 24 weeks later [ 71 ]. PET cerebral meta-
bolic rate for glucose (CMRg) was determined with fl uorodeoxyglucose. CSF beta- 
amyloid and tau protein concentrations were also obtained with cognitive 
assessments. A small but statistically signifi cant improvement ( p  < 0.03) in CMRg 
was reported at the 24-week time period. However, signifi cant treatment effects 
were not found in the CSF beta-amyloid or tau proteins. PET scans will continue to 
be used in various studies with patients with different dementia types in an effort to 
identify biomarkers for therapeutic response.  

13.7     Conclusion 

 Presently, pharmacotherapeutic interventions for patients with dementia provide 
treatments for only the symptoms without addressing the disease’s underlying 
pathophysiology. AD represents the most common type of dementia. MCI is a new 
challenge for pharmacotherapeutic intervention and currently no medications have 
been approved by the regulatory agencies. Treatment for the other types of dementia 
(e.g., FTD) remains to be fully developed. Two pharmacologic categories of medi-
cations are approved by the regulatory agencies for dementia, which are the ChEIs 
and the NMDA receptor antagonist MEM. Donepezil remains the most frequently 
prescribed ChEI [ 72 ]. MEM is often combined with any of the ChEIs. This drug 
combination represents the only “approved” therapeutic approach to dementia. 
Therefore, a major goal for the ChEIs is to maximize their utility by early disease 
recognition, diagnosis, and drug dosage titration to the maximal tolerated dose [ 73 ]. 
Many patients may not reach the maximal ChEI dose due to the GI adverse effects, 
but these problems usually occur during the dose titration phase and tend to be tran-
sient. Therefore, patient and caregiver education regarding adherence is an impor-
tant attribute for long-term treatment. 

 The PK properties of the ChEIs and MEM are well known and linked to their PD 
actions. Utilization of pharmacogenetic markers is relatively early in this population 
and will continue to be collected and analyzed [ 6 ,  35 ,  61 ,  74 ,  75 ]. As dementia is 
associated with the presence of beta-amyloid and tau proteins, measure of these 
proteins as potential biomarkers and cholinesterase inhibition in the CSF and plasma 
will continue to be explored [ 48 ,  49 ,  76 ]. The challenge for future molecule devel-
opment (e.g., beta-site amyloid cleaving enzyme, BACE) as a treatment approach 
will be to determine if these molecules can signifi cantly alter the disposition of 
these proteins as measured by the PET scans or other imaging methods. Imaging 
data can then be correlated with symptom improvement or disease stabilization. 
PET studies are limited due to their small patient numbers, extensive procedures, 
and expense. However, PET assessments have been included as a standard tool for 
clinical dementia drug trials. Clinical rating scales have been developed to assess 
the cognitive and behavioral aspects of dementia at the various stages of mild, mod-
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erate, and severe impairment. The ADAS Cog and SIB are the cognitive assessment 
 instruments. The Neuropsychiatric Inventory (NPI) is employed to evaluate the 
behavioral symptoms in patients with AD. Population PK analysis may provide 
additional information integrating the PK, PD, pharmacogenetics, and clinical rat-
ing assessments. New pharmacological agents for dementia have not emerged for 
over a decade despite the advances in understanding the biological processes. 
Advances in drug and biological development continue with the hope of identifying 
a disease- state- modifying agent for the treatment of patients with dementia.     
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    Chapter 14   
 Anti-addiction Agents                     

       Michael     W.     Jann     

    Abstract     Pharmacotherapeutic interventions for addiction focus on treatment and 
prevention of dependence. Addiction is a complex biological process and its com-
plete underlying pathophysiology remains elusive. Successful treatment involves 
both short-term and long-term maintenance pharmacologic approaches linked with 
various psychosocial support avenues. However, specifi c agents have been devel-
oped for alcohol, nicotine, and opiate dependence. Disulfi ram has been used since 
the 1950s as an aversive therapeutic technique where its metabolites when exposed 
to alcohol lead to the patient experiencing symptoms of nausea and vomiting, 
encouraging the patient to abstain from alcohol. Acamprosate is indicated for alco-
hol abstinence maintenance with the chemical component acetyl-homotaurine mea-
sured in pharmacokinetic studies. Acamprosate is primarily renally excreted. 
Varenicline is a partial agonist of the central nicotinic acetylcholine receptor and 
approved for the treatment of nicotine dependence. Varenicline is mainly renally 
excreted where a combined pharmacokinetic-pharmacodynamic model described 
this compound with an open two-compartment pharmacokinetic model with a linear 
pharmacodynamic model. Naloxone and naltrexone are opiate antagonists used in a 
variety of clinical settings. Naloxone is a “rescue” agent for opiate overdose. 
Naltrexone is used for alcohol dependence and available in an oral and a monthly 
long-acting depot injection. Naloxone has been combined with pentazocine, 
buprenorphine, and oxycodone to prevent abuse. Levo-alpha acetyl methadol 
(LAAM) is a potent derivative of methadone but QTc prolongation occurrences 
have limited its clinical use.  
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14.1       Introduction 

 The treatment of patients with substance abuse and addiction is a complex phenom-
enon and continues to challenge clinicians, patients, families, and healthcare sys-
tems. Pharmacologic interventions for anti-addictive pharmacotherapy remain in an 
early development phase where many specifi c treatment regimens are lacking. For 
example, addition of an opiate antagonist with an opiate agonist or partial agonist as 
a combination product does not solve the basic underlying pathophysiology of 
addiction as our knowledge of this medical condition remains limited. Simply pro-
viding a pharmacologic intervention is only one component needed to address the 
multifaceted problem of addiction. Proper support avenues must be also included 
such as treatment centers, psychosocial therapy, family, and employment opportuni-
ties that prepare the patient for the short- and long-term successes needed to cease 
the addiction. 

 This chapter will focus on the agents where clinical pharmacokinetic (PK) and 
pharmacodynamic (PD) studies have been conducted with an emphasis on treat-
ment and prevention of dependence. The agents included in this chapter are for the 
treatment of alcohol and nicotine dependence, opiate antagonists, their combination 
products with opiate agonists, partial agonists, and levo-acetyl-alpha-methadol 
(LAAM). Methadone was originally developed to treat opiate addiction; however, 
this agent was soon discovered to be as addictive as the opiates and covered in Chap. 
  11    . Agents such as clonidine were not included as PK studies were not initially 
designed for opiate withdrawal treatment and the reader is referred to other sources 
for a general review of these medications [ 1 ]. Bupropion pharmacokinetics and use 
for nicotine dependence are presented in Chap.   9    . Representative PK and PD studies 
were selected to be presented in this chapter, as in some areas, a large number of 
studies with these agents were available.  

14.2     Alcohol Dependence 

  Acamprosate     This agent is a psychotropic agent approved by regulatory agencies 
for the treatment of alcohol dependence after detoxifi cation with a focus on absti-
nence maintenance [ 2 ,  3 ]. It was approved in Europe prior to the USA [ 4 ]. Acetyl- 
homotaurine (ACH) is the chemical component of acamprosate and is measured in 
all pharmacokinetic studies [ 5 ]. ACH is not bound to plasma proteins and is not a 
P-gp substrate. From the various studies, the mean absolute oral bioavailability was 
11 ± 1 % with a  t  max  range of 3.5–18.6 h with the oral tablets. The elimination half- 
life ( t  ½ ) range was 13–20 h under multiple dosing conditions with the oral tablets. 
From the infusion studies, the mean volume of distribution at steady state was 
24 ± 1 L. ACH is not metabolized by hepatic CYP enzymes and primarily excreted 
by renal mechanisms. About 90 % of the dose is found unchanged in the urine. The 
mean (±S.D.) total body clearance (CL) was reported to be 15.78 ± 0.72 L/h with a 
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mean renal CL of 7.92 ± 1.08 L/h from infusion studies. Renal CL from oral tablet 
administration was reported to be higher at 15 L/h. The mechanism for renal CL 
was suggested to occur via tubular secretion and possible non-renal elimination 
thought to take place by biliary excretion.  

 Acamprosate exhibits a linear PK relationship with dose for AUC and 
 C  max  ( r  2  = 0.99). Gender differences and hepatic impairment classifi ed by the Child-
Pugh groups A and B reported no signifi cant differences in ACH disposition com-
pared to the normal volunteers. Two patient groups were assessed regarding renal 
impairment and acamprosate disposition as the groups were divided by creatinine 
CL. Moderate and severe renal impairment were defi ned as 1.8–3.6 L/h/1.73 m 2  and 
0.3–1.74 L/h/m 2 , respectively. As expected, acamprosate disposition is signifi cantly 
impacted by renal impairment with mean elimination half-lives of 33.4 ± 6.6 h and 
46.6 ± 12.9 h, respectively. The mean renal CLs for the moderate and severe impair-
ment groups were 3.29 ± 0.85 L/h and 1.10 ± 0.21 L/h, respectively. Based upon 
these studies, it was recommended that acamprosate be very carefully dosed or 
avoided in patients with moderate or severe renal impairment. 

 Exact cellular mechanisms for acamprosate’s action to reduce alcohol consump-
tion and abstinence maintenance remain unknown. Several PD approaches have 
been proposed with the main focus on inhibition of neuronal hyperexcitability by 
antagonizing the excitatory amino acid activity particularly the glutamate actions 
associated with NMDA receptors [ 2 ,  3 ]. Other actions proposed have included 
antagonism of opiate and noradrenergic activity, stimulation of serotonergic activ-
ity, stimulation of inhibitory GABA neurotransmission, and possible antiacetylalde-
hyde activity [ 3 ]. Clinical trials have demonstrated the effi cacy and safety of 
acamprosate in the management of alcohol dependence after detoxifi cation with 
doses of 1.3 g for patients with body weight <60 kg and 2 g for patients with body 
weight >60 kg. The most common adverse side effects were gastrointestinal, mainly 
diarrhea which is dose related (7 % with 1.3 g and 12 % with 2 g). Other side effects 
reported were nausea, vomiting, pruritis, dizziness, confusion, drowsiness, and 
headache [ 2 ,  3 ]. The length of treatment is recommended to be at least 1 year. 

  Disulfi ram (DSF)     The pharmacologic approach to alcohol dependence with DSF 
was and continues to be based upon an aversive therapeutic intervention. DSF has 
been used since the 1950s [ 6 ,  7 ], yet data regarding its PK properties are relatively 
sparse due to the small number of studies. However, the PD actions are well known 
as the DSF metabolites are exposed to alcohol leading to adverse reactions such as 
nausea and vomiting; thereby, patients are encouraged not to consume any alcoholic 
products [ 6 ,  7 ]. A brief review of the DSF PK and PD aspects will be presented and 
the reader is referred to the reference for a complete review [ 8 ]. After oral ingestion, 
more than 80 % of the dose is absorbed as DSF is converted to form diethyldithio-
carbamic acid (DDC), which is unstable and undergoes phase II glucuronidation 
metabolism to form diethylthiomethylcarbamate (Me-DDC). The Me-DDC is fur-
ther metabolized by CYP450 enzymes (specifi c enzymes were not reported in the 
article) to form sulfoxide and sulfone metabolites and all three compounds can 
inhibit aldehyde dehydrogenase (ALDH). DSF and Me-DDC are highly protein 

14 Anti-addiction Agents



354

bound to albumin at 96 % and 79.5 %, respectively. Approximately 65 % of the dose 
is renally eliminated, 20 % by the feces, and the remainder via pulmonary mecha-
nisms. The eliminated half-life for DSF and Me-DDC in alcoholic patients with 
single and multiple doses was reported to be 9.2 h and 10 h, respectively. 
Acetylaldehyde is the fi rst metabolite formed by alcohol oxidative metabolism and 
then further metabolized to acetic acid by the hepatic ALDH. DSF and Me-DDC 
preferentially inhibit ALDH activity, leading to the dramatic increase in acetylalde-
hyde blood concentrations. The increased acetylaldehyde levels result in the PD 
actions of facial fl ushing, headache, nausea, vomiting, hypotension, tachycardia, 
and dizziness [ 1 ]. DSF ALDH inhibition is irreversible and enzyme activity depends 
upon de novo enzyme synthesis that takes places several days following DSF dis-
continuation, and the patient can still experience the unwanted PD effects after drug 
cessation. The intensity and duration of the PD effects are dependent upon the DSF 
dose and amount of alcohol consumed [ 6 ].   

14.3     Nicotine Dependence 

 Treatment to initiate smoking cessation and continued abstinence maintenance involves 
a variety of nonprescription and prescription products. The nonprescription products 
typically involve nicotine replacement therapies in various dosage formulations (e.g., 
gum, lozenge, patch) and the reader is referred elsewhere [ 9 ]. The PK and PD of nico-
tine have been well studied and will not be discussed in this chapter and the reader is 
again referred to other resources [ 10 ,  11 ]. Bupropion is approved for the treatment of 
smoking cessation and maintenance therapy and its PK and PD properties are reviewed 
in Chap.   9    . The only other agent used for smoking cessation is varenicline. 

  Varenicline (VCL)     From oral administration, VCL is almost completely absorbed 
from the GI tract with systemic bioavailability >90 % with an overall drug recovery 
rate from the urine that ranges from 81 to 95 %. VCL was reported not to be a P-gp 
substrate and a volume of distribution at a steady state of 5.9 L/kg. Protein binding 
for the unbound VCL ranged from 88 to 94 % [ 12 ]. VCL does not undergo hepatic 
phase I oxidation metabolism with the metabolite N-carbamoylglucuronide repre-
senting <10 % of the dose formed by the uridine diphosphate glucuronosyltransfer-
ase (UGT) 2B7 [ 12 ]. The elimination half-life ( t  1/2 ) ranges from 23.8 to 33.0 h with 
multiple dosing. VCL is primarily excreted renally with a mean CL of 94.4 ± 34.5 mL/
min, and doses must be adjusted in patients with moderate (CLcr ≥30 to ≤50 mL/
min) and severe (CLcr <30 mL/min) impairment. Active tubular secretion via the 
human organic cation transports (hOCTs) type 2 was reported to have moderate 
affi nity for VCL with an apparent Michaelis-Menten Km of 370 μmol/L [ 13 ]. 
Single, multiple-dose, and population pharmacokinetic analysis have not reported 
any signifi cant effects from age, ethnicity, and gender that affect VCL disposition 
[ 14 – 16 ]. The recommended dosage is 1 mg twice daily and a dosage reduction to 
1 mg daily for patients with severe renal impairment [ 12 ,  14 ].  
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 VCL is a partial agonist of the central nicotinic acetylcholine receptor α4β2 
nAChR, and when subjects are smoking, the signifi cantly higher receptor affi nity of 
VCL over nicotine prevents access of nicotine to the receptor [ 12 ]. Various clinical 
trials have demonstrated the effi cacy and safety of VCL in adults who initiate a 
smoking cessation program. A PK-PD analysis described a model for VCL that 
included using a two-compartment PK model with a linear PD model with fi rst- 
order onset/offset rate constants [ 17 ]. Craving reduction scores were associated 
with VCL plasma concentrations with a rapid onset under 1 h peaking at 3 h and 
were maintained for the next 4 h (the maximum time period studied). A pharmaco-
genetic analysis ( N  = 2699) was conducted from three placebo-controlled, double- 
blind, clinical trials comparing bupropion and VCL [ 18 ]. A number of genes were 
assessed – nicotine and bupropion metabolism, nicotinic receptors, VCL transporter 
and genes for Chr15q25, and serotonin receptors 5HT3A and 5HT3B. VCL absti-
nence was reported to be associated with nAChr subunit genes CHRNB2, CHRNA5, 
and CHRNA4 ( p  < 0.005). Bupropion abstinence was associated with CYP2B6 
( p  < 0.001). The nausea incidence was found to be associated with several nAChR 
subunit genes and time to relapse with 5HT3B gene ( p  < 0.001). Several loci con-
tributed to successful smoking cessation and response. Perhaps a combined PK-PD 
model that incorporates pharmacogenetic data would be the next step to data analy-
sis to predict optimal response while minimizing the adverse side effects for patients 
treated with VCL.  

14.4     Opioid Antagonists and Dependence 

  Naloxone (NLX)     NLX was the fi rst opiate antagonist discovered to be used clini-
cally to reverse the clinical signs and symptoms of a narcotic overdose [ 19 ]. Its 
safety and lack of intrinsic agonist properties were favored over the use of earlier 
agents nalorphine and levallorphan [ 20 ]. NLX has been incorporated into many 
fi rst-responder’s emergency medical kits. Along with oxygen and dextrose 50 %, 
NLX should be given to any unconscious patient regardless of age when a drug 
overdose is suspected [ 21 ]. NLX is a potent opiate antagonist for the three opiate 
receptors –  μ ,  κ , and  σ  receptors [ 22 ].  

  Naloxone (NLX)     After intravenous (IV) 0.4 mg administration, clinical response 
can be observed within 1–2 min with a duration of effect between 45 and 90 min 
[ 21 ]. Although NLX has been used extensively in the clinical arena, its PK param-
eters were not widely assessed in preclinical or human studies. NLX disposition 
was reported in two male subjects where one subject had a history of opiate depen-
dence [ 23 ]. NLX-78- 3 H isotope was given with plasma samples obtained for the 
next 6 h and urine samples collected for 72 h. The NLX PK parameters reported 
were an elimination half-life of 90 min, a volume of distribution (Vd) 2500 L/day, 
and a clearance 2.83 L/kg/day. A later study with nine healthy volunteers age 
25–54 years (fi ve men, four females) reported a mean (±S.D.) elimination half-life 
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of 64 ± 12 min. After 2 min post IV administration of 0.4 mg, the mean amount of 
NLX measured was 0.01 ± 0.001 μg/mL and 5 min later noted at 0.0043 ± 0.0003 μg/
mL [ 24 ]. NLX distribution half-life was reported to be 4.7 min. The preclinical data 
with rat brain concentrations showed that brain to serum concentration ratios ranged 
from 2.7 to 4.6 indicating higher brain concentrations and that amounts decline 
paralleling serum concentration elimination. NLX concentrations rapidly exit from 
the rat brain and when compared to morphine given earlier that outlasted NLX 
actions, and the morphine effect was sustained for over 1 h [ 25 ]. These results 
explain the rationale for continued NLX administration when treating patients for 
an acute opiate overdose.  

 NLX is rapidly metabolized by phase II glucuronidation to NLX-3-glucuronide 
with 65 % of the dose excreted into the urine [ 26 ]. The other minor metabolites 
formed are reduced-NLX and N-dealkylation [ 27 ]. NLX has low protein binding 
with 46 % primarily to albumin with alpha-one acid glycoprotein and β-lipoprotein 
[ 28 ]. NLX was shown not to be a P-glycoprotein (P-gp) substrate or inhibitor [ 29 ]. 
The onset of activity when NLX is given from the intramuscular (IM), subcutaneous 
(SC), or oral route is about 15 min [ 30 ]. However, the absolute NLX bioavailability 
was very low from 1 to 2 % [ 29 ]. Iontophoretic transdermal delivery for NLX has 
been investigated as an alternative administration route to provide prolonged NLX 
therapy and continues to be researched [ 31 ,  32 ]. A population PK study with NLX 
was reported from six male volunteers given NLX IV, IM, and IN (intranasal) [ 30 ]. 
The population PK parameter estimates from 128 plasma samples obtained at vari-
ous times reported were an absolute bioavailability for NLX IM and IN of 36 % and 
4 %, respectively. Other parameters reported were clearance 91 L/h (2184 L/day) 
with a median time to peak plasma concentrations of 12 min for the IM and 6–9 min 
for the IN. A review of NLX IN device has been developed for opiate overdose situ-
ations [ 33 ]. Other NLX administration routes have been examined and included 
subcutaneous, intraosseous, and endotracheal routes assessed in preclinical and 
clinical studies [ 33 ,  34 ]. 

 As NLX PK and PD parameters became well known, IV continuous infusion 
methods were developed to provide sustained treatment for opiate overdose patients 
[ 35 ]. The basic maintenance dose (M.D.) equation was used – M.D. (mg) = loading 
dose (mg) × 1 – e − kτ   ( τ  = minutes). Following a 2 or 4 mg loading dose, patients were 
treated with a 1.5 or 3 mg/h continuous NLX infusion that resulted in plasma NLX 
concentrations preventing recurrent respiratory depression. Higher NLX doses may 
be needed to treat patients with septic shock as plasma levels of 3.78 mcg/mL were 
noted without signifi cant side effects [ 36 ]. Prolonged opioid antagonism was 
reported with a patient in chronic renal failure with respiratory depression second-
ary to morphine intoxication [ 37 ]. Serum NLX concentrations obtained 2.3 and 
4.5 h after NLX infusion were 33.33 and 21.33 ng/mL, respectively. The extended 
NLX actions were attributed to the potential reduction in renal glucuronidation but 
only extensive renal PK studies would confi rm that hypothesis. 

 Population PK-PD models for NLX reversal of opiate agonist (morphine) and 
partial opiate agonist-induced (buprenorphine) respiratory depression in healthy 
volunteers provide clinicians with precise information on NLM’s duration and 
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magnitude of clinical effect [ 38 ,  39 ]. Both studies used the NLX PK parameters 
and incorporated a biphasic equilibrium (or slow phase) PD model incorporating 
the opiate receptor association-dissociation kinetics. These studies indicated that 
reversal of respiratory depression can be modeled by NLX and that a biphasic 
NLX equilibrium model predicted clinical activity with opiate overdose 
situations. 

 NLX is well known to reverse the respiratory depression from opiates;  however, 
a pilot study in three patients when given oral NLX showed that opiate-induced 
constipation can be ameliorated [ 40 ]. NLX 12 mg given at least 6 h apart was 
recommended as withdrawal symptoms with constipation occurred with NLX 
AUC >550 ng/mL with dosing intervals <3 h. Since this report, oral or enteral 
NLX up to 16 mg/day has been used in a variety of situations where opiate-
induced constipation can be effectively treated including in the intensive care unit 
environment [ 41 ]. 

  Naltrexone (NTX)     NTX was developed in the 1960s as an opiate antagonist and is 
17 times more potent than NLX [ 42 ]. Later in the 1990s, NTX was discovered to be 
effective in the treatment of patients with alcohol dependence with FDA approval in 
1994 [ 43 ]. NTX was shown to reduce alcohol consumption, reduce alcohol use, and 
promote abstinence. Preclinical studies reported that NTX is metabolized to an active 
metabolite β-naltrexol (β-NTL) with an antagonist property of 1:53 compared to 
NTX in rats [ 44 ]. NTX was 12 times more potent than the metabolite in the dog 
model [ 45 ]. NTX disposition was described in four male post-addict volunteers 
given oral daily NTX 100 mg doses for 7 days [ 46 ]. Following oral NTX administra-
tion,  T  max  occurred for NTX and β-NTL at 1 and 2 h, respectively. PD objective 
responses (e.g., pupillography) and subjective responses (e.g., Addiction Research 
Center Inventory Scale) were also collected during the PK analysis. Under the 
chronic dosing conditions, the mean elimination half-life of NTX and β-NTL were 
9.7 ± 1.1 h and 11.4 ± 2.0 h, respectively. A 25 mg heroin challenge was co- 
administered with NTX and NTX provided antagonism for following 48 h. Peak 
plasma levels of β-NTL were about twice the amounts of NTX. A signifi cant correla-
tion was found between NTX plasma levels and opiate antagonism ( r  = 0.91) and the 
individual NTX elimination half-life ( r  = 0.99). The duration of mu-opiate receptor 
occupancy by NTX 50 mg was evaluated using positron emission tomography (PET) 
in nine healthy volunteers (seven males and two females) using  11 C-carfentanil [ 47 ]. 
The elimination half-life range for the mu receptor blockade from NTX was from 72 
to 108 h which is longer than the PK elimination half-life. These fi ndings can explain 
for the prolonged PD benefi ts of opiate antagonism from NTX.  

 A long-acting (LA) NTX injection formulation given once monthly was devel-
oped to provide patients with alcoholic dependence a reliable method of treatment 
without the interruption of daily oral administration [ 48 ]. The PK of LA NTX was 
reported in 16 alcohol-dependent subjects given 300 mg in a 6-week open-label 
study [ 49 ]. The median  t  max  values for NTX and β-NTL were 540 h and 336 h, 
respectively. The mean β-NTL to NTX AUC 0–42   (days)  ratio was 3.4 as plasma metab-
olite levels remained about three times greater than NTX at all times. Injection site 

14 Anti-addiction Agents



358

reactions were the most common adverse event; otherwise, the NTX was well toler-
ated. A single- and multiple-dose PK study with LA NTX microsphere formulation 
was conducted in healthy subjects given 190 or 380 mg or placebo [ 50 ]. After a 
single 380 mg dose, NTX plasma concentrations were detectable in all subjects 
31 days post dose and the plasma concentrations were proportional to the dose. The 
mean apparent elimination half-life for both NTX and β-NTL ranged from 5 to 
7 days and serious adverse events were not reported. 

 Patients with alcoholic dependence are likely to have comorbid liver compro-
mise, and the LA NTX disposition in patients with mild ( N  = 6) and moderate ( N  = 6) 
hepatic impairment was assessed and compared to age-matched healthy volunteer 
controls ( N  = 5, one subject withdrew consent after 14 days and was not replaced) 
[ 51 ]. Hepatic impairment was defi ned by the Child-Pugh scale grade A = mild and 
grade B = moderate. NTX and β-NTL PK parameters ( C  max ,  t  max , AUC,  t  ½ ) did not 
signifi cantly differ between the control group and the mild and moderate hepatic 
impairment groups. The elimination half-life for both NTX and β-NTL in all the 
subjects ranged from 5 to 9 days. Studies with patients with severe hepatic impair-
ment have not been conducted, but if LA NTX were to be used, a signifi cant dose 
reduction would likely be prescribed for general safety reasons. 

 A population PK study with the NTX clinical trial studies ( N  = 453) was con-
ducted, and the patients ranged in age from 18 to 76 years with 28 subjects that were 
>65 years [ 49 ]. Data from the patients included 3821 NTX and 3766 β-NTL plasma 
samples. Subjects (59 %) were alcohol dependent and some subjects (27 %) were 
both alcohol and opiate dependent. Population NTX clearance was 140 L/h and 
volume of distribution 38,300 L, which were weight dependent (changes of 
0.548 L/h/kg) and were higher by 23–35 % in subjects with alcohol and/or opioid 
dependence. NTX clearance was dependent on age while β-NTL clearance was 
associated with creatinine clearance and alkaline phosphatase. NTX CL was 
increased by 18 % in subjects who smoked. Although these covariates were identi-
fi ed, these parameters were not considered to be clinically signifi cant to refl ect any 
dosing adjustments necessary for LA NTX based upon weight, age, gender, smok-
ing, creatinine clearance, and hepatic function.  

14.5     Opioid Agonist and Antagonist Combination Products 

 The dependence on opioids alone and in combination with other CNS drugs such as 
benzodiazepines has resulted in a signifi cant impact in the USA where over 19,000 
fatalities occurred per year in the last decade [ 52 ]. However, prior to the 2000s, opi-
ate dependence was recognized to be a major healthcare negative infl uence in soci-
ety. In response to the growing opiate dependence problem in society, the 
pharmaceutical industry initiated various combination products adding NLX or NTX 
to reduce the potential for abuse and dependence. This section will examine the dif-
ferent opiate agonist or partial agonist combination products with NLX or NTX. 
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  Pentazocine (PTZ)/Naloxone     PTZ dependence is similar to other opiates, but 
overdoses are relatively uncommon. A review of PTZ use in over 10-year time 
period reported 57 cases of overdose combined with other products. Only 23 patients 
(40 %) ingested PTZ alone [ 53 ]. Most patients remained awake with respiratory 
rates >12/min. Overdose symptoms reported included grand mal seizures, hyperten-
sion, hypotonia, dysphoria, hallucinations, delusions, and agitation. NLX IV 
0.4–2.4 mg was given to 11 of the 23 patients that ingested only PTZ and only two 
patients improved. When PTZ was taken with other agents such as alcohol or 
sedative- hypnotics, three of fi ve patients that were in a coma were given IV NLX 
0.4–1.2 mg and had a positive response. Besides the symptoms previously described, 
a case report of PTZ overdose of 1.5 g reported additional laboratory fi ndings of 
ventricular arrhythmias and metabolic acidosis [ 54 ]. While in the ICU, the patient 
was given 0.4 mg IV NLX and continued to receive NLX until respiratory depres-
sion and other opiate overdose symptoms were reversed. This case reported use of 
up to 5–20 mg of IV NLX, and the suggestion is that higher NLX doses may be 
necessary for PTZ overdose situations.  

 The premise of NLX addition to the PTZ formulation was to reduce opiate 
dependence and to manufacture a nonabusable form of PTZ as a potential niche for 
this combination product [ 55 – 57 ]. Pharmacokinetic studies could not be found with 
this combination product. PTZ dependence was reported since the 1960s, and the 
company proposed in 1981 to manufacture this combination product. The product 
Talwin Nx® was FDA approved in 1982 and PTZ as a single entity ceased in 1983. 
Data from the Drug Abuse Warning Network (DAWN) reported in 1981 to the fi rst 
quarter of 1983 4678 PTZ overdoses from emergency rooms. [ 58 ] From Talwin 
Nx®’s introduction to 1985, only 1706 emergency room visits were noted with a 
tenfold drop in medical examiners’ notes from autopsies. Abuse from PTZ/tripelen-
namine use was also noted to decline [ 58 ]. However, reports surfaced noting abuse 
of the PTZ/NLX combination [ 59 ]. An explanation for possible abuse by the com-
bination product was shown by a study where the PTZ analgesia was potentiated by 
low-dose NLX in postoperative patients ( N  = 105) with moderately severe pain [ 60 ]. 
Nevertheless, this product led to the development of other opioid agonist or partial 
agonist products combined with NLX. 

  Buprenorphine (BUP)/Naloxone (NLX)     The combination product of BUP/NLX 
consists of the partial mu-opioid receptor agonist BUP and the opiate antagonist 
NLX. Due to the very low oral bioavailability of NLX, the sublingual (SL) combi-
nation preparation was developed [ 61 ]. This combination product was devised for 
the treatment of opiate dependence, and when the product is crushed for parental 
administration, the NLX addition would lead to withdrawal symptoms, discourag-
ing the person to abuse the BUP [ 62 ].  

 The PK parameters of BUP were previously described in Chap.   11    . Various PK 
studies have reported that BUP and NLX do not interact with each other. BUP is 
primarily metabolized by CYP3A4 to nor-BUP, which possesses weak (about 25 % 
of BUP) mu-opioid receptor agonist activity. NLX is primarily metabolized by 
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phase II glucuronidation (see above NLX section). While BUP is highly bound to 
plasma proteins α and β globulin (96 %), NLX has low protein binding (46 %) 
mainly to albumin. The likelihood of a drug-drug interaction by protein-binding 
displacement is minimal [ 61 ]. The bioavailability of the SL tablet was compared to 
the oral solution with different dose combinations of BUP 2–8 mg and NLX 4–8 mg 
[ 63 ]. The BUP and NLX bioavailability ranged from 30 to 51 % and 7 to 9 %, 
respectively. The oral liquid and SL tablets were found to be equally bioavailable 
[ 61 ]. A PK study with non-dependent opiate volunteers was given ascending BUP/
NLX doses of 4/1, 8/2, and 16/4 mg [ 64 ]. BUP serum concentrations increased with 
dose, but not proportionally with the mean BUP AUC 48  as the 4/1 mg dose 
was 12.52 ng • h/mL, 8/2 mg dose was 20.22 ng • h/mL, and 16/4 mg was 
34.89 ng • h/mL. Therefore, although linear PK disposition for the BUP/NLX 
 product was determined, clinicians should be aware of the increasing doses and its 
relationship to serum drug concentrations. 

 The BUP/NLX product Suboxone® was reported to have a bitter taste or after-
taste from the polyethylene oxide in the drug formulation [ 65 ]. A different formula-
tion used a dry mixing manufacturing method producing a small and fast-dissolving 
tablet (OX219) that used menthol and sucralose as a sweetener to mask the bitter 
taste [ 66 ]. This formulation was reported to be bioavailable as the Suboxone® oral 
tablet and SL products. BUP/NLX tablets were crushed and given by the IV and 
intranasal route to healthy non-opioid-dependent volunteers ( N  = 10). Intranasal 
drug administration in another route was used by patients with substance abuse 
problems [ 62 ]. Signifi cant NLX concentrations were found with intranasal BUP/
NLX administration, which may potentially attenuate BUP effects. Although NLX 
concentrations were measured, these fi ndings have not yet been assessed in opiate- 
dependent patients. 

 The BUP/NLX combination in a 4:1 dose ratio was discovered to be the most 
reasonable product that balances the PD therapeutic benefi ts and minimizes 
unwanted adverse effects [ 67 ]. The 4:1 ratio was evaluated against the other ratios 
of 2:1 and 8:1 [ 68 ]. When IV BUP/NLX was given, it produced a dose-dependent 
precipitated withdrawal with the 2:1 ratio having the highest withdrawal score 
(Clinical Institute Narcotic Assessment, CINA). The 8:1 ratio had the least severe 
symptoms. Withdrawal symptom duration was 30 min for the 2:1 ratio and 15 min 
for the 4:1 and 8:1 ratios. BUP-induced pupil constriction was signifi cantly attenu-
ated by the 2:1 and 4:1 ratio combinations, but not the 8:1 ratio. Both the 2:1 and 4:1 
ratio precipitated substantial withdrawal; however, the 2:1 ratio could be separated 
from the 4:1 ratio on some withdrawal ratings [ 69 ]. The BUP/NLX 4:1 ratio in 
doses of 8/2, 16/4, and 32/8 mg was assessed in eight healthy volunteers for neuro-
cognitive effects [ 70 ]. Various cognitive tests were included such as the digit sym-
bol substitution test (DSST), trial-making A and B, recognition memory, and several 
other tools. Only the 32/8 mg dose produced a signifi cant impairment effect with the 
recognition memory test ( p  < 0.05) while the other assessments did not show signifi -
cant impairment. These fi ndings support that BUP/NLX does not signifi cantly 
impair cognition while treating opiate-dependent patients. BUP/NLX was evaluated 
in opiate-dependent patients ( N  = 9) when given BUP 8 mg SL and different doses 
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of NLX 0, 4, and 8 mg [ 71 ]. It was found that combined BUP and NLX displayed 
opiate withdrawal symptoms after introduction of the SL BUP/NLX treatment. 
BUP oral and NLX IV produced similar effects of BUP SL without precipitating 
opiate withdrawal symptoms. 

 BUP monotherapy has established effi cacy in the treatment of opioid depen-
dence and in a medically supervised withdrawal treatment [ 61 ]. When BUP/NLX 
has been evaluated versus BUP alone, the results are largely indistinguishable 
between the two agents. BUP/NLX has been compared to methadone, different 
counseling and/or medication dispensing regimens, clonidine, and “real-world” set-
tings. In each set of studies, BUP/NLX was reported either greater than or compa-
rable effi cacy rates to the other treatments [ 61 ]. BUP/NLX pharmacotherapy 
involves short-term use as in the medically supervised withdrawal therapy. In con-
trast, opioid dependence as maintenance therapy can be viewed as long-term man-
agement. BUP like methadone was susceptible to illegal diversion and incorporation 
of NLX was designed to address this problem. BUP/NLX usage continues to be 
closely monitored by professional and regulatory agencies. 

  Methadone (MTH)/Naloxone     In the early 1970s, a methadone/naloxone (MTH/
NLX) product was proposed for patients with opiate dependence treated with 
MTH. MTH alone can also lead to dependence and this combination product was 
developed to curb abuse and dependence. A pilot study with ten patients stabilized 
on MTH agreed to participate and was given IV MTH/NLX 20 mg/0.4 mg (50:1 
ratio) [ 72 ]. Serum drug concentrations were not measured and PD effects were 
assessed by pupillary measurements obtained 3 min prior to administration with 
subsequent measurements taken 3, 6, 15, and 30 min post administration. The IV 
MTH/NLX caused a signifi cant withdrawal syndrome that peaked at 6 min ( p  < 0.01) 
and declined after 15 min, returning to baseline at 30 min. Pupillary response was 
signifi cantly elevated at 3 min with the MTH/NLX formulations 10:1 and 20:1 
ratios and similar fi ndings were reported [ 73 ]. A large multicenter trial ( N  = 1413) 
with the 20:1 ratio tablet was completed; however, the study results were not pub-
lished but reported at a conference. The investigators noted that the MTH/NLX was 
well tolerated and not associated with signifi cant adverse effects. The product was 
expensive and the perception at that time was the little need for this combination in 
the market [ 74 ]. Finally, a small pilot study ( N  = 10) with oral MTH/NLX 50:1 ratio 
reported no signifi cant drug-drug interactions between MTH and NLX [ 75 ]. Similar 
to previous fi ndings, withdrawal symptoms were noted to occur with the oral formu-
lation that peaked later at 15–30 min, returning to baseline at 60 min. It is unlikely 
that the MTH/NLX combination product will see a commercial market.  

  Oxycodone (OXY)/Naloxone (NLX)     The oxycodone/naloxone product like the 
previous combination products (e.g., BUP/NLX) was developed for reducing the 
potential for abuse and then expanded to the treatment of opioid-induced constipa-
tion [ 76 ]. The available OXY/NLX doses are in a ratio of 2:1 with 5/2.5 mg, 
10/5 mg, 20/10 mg, and 40/20 mg [ 77 ]. The optimal 2:1 ratio was reported in a 
four-arm clinical trial ( N  = 202) where subjects were treated with OXY dosed 40 and 
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80 mg daily and NLX with varying doses of 0, 10, 20, and 40 mg [ 78 ]. Bowel func-
tion and pain intensity were assessed by a simple numerical analog scale. The 
Bowel Function Index (BFI) is a validated instrument that was also used and con-
sists of three items: defection ease, feeling of incomplete bowel emptying, and per-
sonal judgment of constipation. Signifi cant difference between analgesia was not 
found and the dose ratio improved constipation while avoiding diarrhea. Subsequent 
studies have similar results with the OXY/NLX 2:1 ratio [ 79 ]. Nausea and diarrhea 
were the most often reported adverse event and detected when the dose ratio was 
shifted toward a higher NLX dose.  

 An extensive single- ( N  = 23) and multiple-dose ( N  = 28) PK study with the OXY/
NLX prolonged-release (PR) formulation in healthy male and female volunteers 
was conducted [ 80 ]. The OXY/NLX PR doses evaluated were 4 × 10/5 mg, 
2 × 20/10 mg, and 1 × 40/20 mg, which was compared to OXY PR alone 40 mg for-
mulation and the NLX PR alone 20 mg formulation. The products were considered 
bioequivalent when the confi dence interval (CI) for relative bioavailability came 
within a range of 80–125 % for the single products. Both the single- and multiple- 
dose studies reported that the combined OXY/NLX PR doses were bioequivalent to 
the OXY PR and NLX PR products. Further, OXY/NLX combined formulation did 
not signifi cantly affect each other’s bioavailability. The adverse event profi le did not 
differ between each product. A small PD study was conducted to assess the effects 
of a single NLX dose to reverse the OXY-induced effect on colon transit time [ 81 ]. 
Fifteen healthy male volunteers participated and each received placebo, OXY 10 
and 20 mg, and OXY/NLX 10/5 mg and 20/10 mg as a capsule with a radiolabeled 
resin (surrogate biomarker for GI contents). Colon arrival time did not statistically 
signifi cantly differ between the OXY and the OXY/NLX products (mean 7.19 h 
versus 5.16 h,  p  = 0.065). The mean colon arrival time for the placebo was 5.15 h 
and similar to the OXY/NLX. The OXY/NLX 20/10 mg signifi cantly reduced the 
mean colonic transit time by 2.1 h ( p  = 0.037), indicating clinical effi cacy for opioid- 
induced constipation. Subsequent clinical trials with OXY/NLX in patients with 
various pain conditions (e.g., cancer, chronic pain) have demonstrated the effi cacy 
of OXY/NLX in alleviating pain symptoms while improving the opioid-induced 
bowel dysfunction [ 82 ]. Clinicians should constantly monitor patients using this 
product for both chronic pain management and constipation pharmacotherapy [ 77 ]. 

  Morphine (MS)/Naltrexone (NTX)     The morphine extended release (ER) that 
contains sequestered naltrexone (NTX) has been developed [ 83 ]. MS ER is a 
polymer- coated pellet where each pellet has an NTX sequestered core and is 
released only when the capsules are tampered. The formulation is intended to reduce 
or eliminate diversion and abuse [ 84 ]. When MS/NTX is taken orally, NTX was 
inconsistently absorbed with very minimal or nondetectable plasma concentrations 
of NTX or its 6-β-naltrexol metabolite [ 83 ]. NTX and its metabolite after repeated 
MS/NTX administration do not accumulate, and plasma concentrations were not 
associated with dose, age, or sex [ 83 ]. NTX was shown to have a higher volume of 
distribution with single-dose compared to multiple-dose administration (16.1 L/kg 
versus 14.2 L/kg,  p  < 0.05). Oral NTX had a reported elimination half-life of 8.9 h 
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[ 83 ]. MS and NTX PK did not signifi cantly differ between the MS/NTX combina-
tion product and either MS or NTX alone. Therefore, MS and NTX did not interfere 
with each other’s PK profi le [ 84 ]. Food was shown not to have a signifi cant impact 
upon MS/NTX disposition in healthy volunteers ( N  = 36), and MS PK parameters 
were within the 80–125 % confi dence intervals and the  C  max  was delayed by 2.5 h 
[ 85 ]. NTX remained sequestered with only trace amounts detected.  

 When the MS/NTX is crushed, a rapid release of NTX occurs equal to the 
bioequivalence of oral NTX solution [ 86 ]. A healthy volunteer ( N  = 24) study 
reported that the  t  max  for both the MS/NTX and oral NTX solution was about 
1 h. The  C  max  NTX concentrations and NTX AUC for both the crushed MS/NTX 
and oral NTX solution were between the 80 and 125 % bioavailability with the 
95 %  confi dence interval. A similar fi nding in PK properties occurred when 
non- dependent opioid users ( N  = 32) were given crushed MS/NTX and oral 
NTX solution (e.g.,  t  max  1.1 h) [ 84 ]. Co-administration with quinidine, a P-gp 
inhibitor, was reported to increase the MS exposure by twofold when given with 
the MS/NTX product, and caution was advised if these two agents were 
 prescribed together [ 83 ]. 

 MS/NTX was compared to ER MS treated in patients ( N  = 72) in a double-blind 
randomized clinical trial for the treatment of chronic pain associated with knee or 
hip osteoarthritis [ 87 ]. Pharmacokinetic profi les of both agents were determined 
over a 12 h time period and pharmacodynamic assessments were conducted with a 
validated pain scale (Western Ontario and McMaster Universities, WOMAC) and a 
visual analog scale (VAS) 0–100 mm as 0 = no pain with 100 = extreme pain. The 
study results reported that the ER MS and MS/NTX products were PK bioequiva-
lent (95 % CI AUC 0–12 h ). Both WOMAC and VAS scores did not signifi cantly differ 
between both products. These results showed that MS/NTX was equal to ER MS in 
both PK parameters and PD effects. The results of three different studies were 
reported in one publication where the PK and PD of MS/NTX were evaluated in 
healthy volunteers, non-opioid and recreational opioid users, and chronic pain 
patients >3 months [ 88 ,  89 ]. The different formulations used were the oral, crushed 
MS/NTX, and immediate-release (IR) MS products. The PD measurements included 
VAS scores, drug-liking effects, and the Cole/Addiction Research Center Inventory 
(Cole/ARCI) Stimulation-Euphoria scale. When MS/NTX product was crushed, the 
NTX bioavailability was equal to NTX oral solution. The MS/NTX was also equally 
bioavailable compared to the IR MS. When the VAS and Cole/ACRI scores were 
assessed with the product, these three studies indicate that when taken as directed 
by the prescriber, MS/NTX can be an effective agent for pain treatment with bio-
equivalence to MS with effective PD actions in pain management. 

 The overall adverse event profi le for MS/NTX was comparable to MS mono-
therapy [ 83 ]. The most commonly reported adverse effects were constipation, nau-
sea, and somnolence. The highest dose approved by the regulatory agencies for  MS/
NTX is 100 mg/4 mg. It is used only for patients who are tolerant to opiates and may 
lead to respiratory depression if used in other patients. The combination MS/NTX 
is FDA approved for the treatment of moderate to severe pain when continuous 
therapy is required for long-term use [ 83 ].  
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14.6     Levo-Alpha Acetyl Methadol (LAAM) 

 LAAM was FDA approved in 1993 for use in medication therapy for opiate addic-
tion [ 90 ]. LAAM is a derivative of methadone (see Fig.  14.1a  and Chap.   11    ) devel-
oped in 1948 for analgesia. Interest in LAAM occurred in the early 1960s as a 
substitute for methadone with numerous clinical studies conducted from 1969 to 
1981. Lack of research funding during the 1980s limited further research. However, 
the National Institute on Drug Abuse (NIDA) initiated the process of obtaining FDA 
approval in 1990 and conducted the additional required clinical trials. In summary, 
LAAM was demonstrated to be either equally as or more effective than methadone 
in maintaining opiate abstinence [ 91 ]. Unfortunately, LAAM has been linked to 
prolonged QT intervals and possible torsades de pointes and is no longer commonly 
used [ 92 ,  93 ]. In Europe, LAAM was suspended for use in 2001 and US FDA issued 
a “black box” warning on the product’s label [ 93 ].

    LAAM Pharmacokinetics and Pharmacodynamics     LAAM may be considered 
a “prodrug” as it is metabolized by N-demethylation to two primary metabolites, 
nor-LAAM and dinor-LAAM by the cytochrome P450 (CYP) 3A4 shown in 
Fig.  14.1b  [ 94 ]. Other CYP enzymes that are reported to be involved with LAAM 
metabolism to a lesser extent are 2B6, 2C8, and 2C18 [ 95 ]. LAAM and its two 
metabolites were reported with in vitro models to be P-gp substrates [ 96 ]. 
Ketoconazole was reported to markedly increase LAAM disposition in opioid-naïve 
subjects ( N  = 13) when given oral LAAM 5 mg/70 kg and a single 400 mg ketocon-
azole dose [ 9 ,  97 ]. Co-administration with ketoconazole resulted in a mean 3.22-
fold ( p  < 0.001) increase in LAAM  C  max  and mean 5.29-fold ( p  < 0.001) increase in 
AUC. The nor-LAAM and dinor-LAAM mean  C  max  signifi cantly increased by 
0.77- fold and 0.55-fold ( p  < 0.001), respectively. Subsequent nor-LAAM and 
 dinor- LAAM mean AUC signifi cantly increased by 2.25-fold ( p  < 0.001) and 
1.21-fold ( p  < 0.005), respectively. Mean pupil diameter was signifi cantly decreased 
with a  t  max  for miosis by 2.92-fold ( p  < 0.001) From a single ketoconazole dose, 
clinically relevant increases in LAAM and metabolite concentrations were found 
and that may affect physiologic function such as QT intervals which suggests that 
CYP3A4 inhibitors and LAAM should be contraindicated.  

 Nor-LAAM was shown to be fi ve to ten times more potent than LAAM and dinor-
LAAM leading to the longer duration of action for LAAM refl ected in its dosing 
schedule [ 98 ]. The disposition of LAAM and its two metabolites were described in 
six healthy male adult volunteers [ 99 ]. Each subject was given oral and IV LAAM 20 
and 40 mg with physiologic, subjective, and pharmacokinetic samplings. The bio-
availability for LAAM was found to be about 50 % with a mean (±S.D.) elimination 
half-life of 7.9 (±1.2) hours for the oral 20 mg dose and 18.5 (±4.9) hours for the 
40 mg dose. The LAAM  t  max  was 2.5 and 2.6 h for the oral 20 and 40 mg doses, 
respectively. The nor-LAAM  t  max  occurred slightly later than LAAM at 3–4 h and 
had a greater AUC than LAAM (20 mg dose; mean 994 ± 192 ng/mL•h versus 
393 ± 85 ng/mL•h). The nor-LAAM mean elimination half-life was 33.6 ± 4.2 h. The 
dinor-LAAM mean  t  max  and elimination half-life was later and longer than LAAM 
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  Fig. 14.1    Structure of methadone ( a ) and LAAM metabolism ( b )       

and nor-LAAM at 17.9 ± 7.3 h and 75.6 ± 15.4 h, respectively. Pupil diameter 
decreased with all doses and routes with the IV route reported to have greater subjec-
tive feelings of any drug effect and liking the drug from baseline to 3 h. LAAM dis-
position was reported in two groups of male subjects where one group received 
methadone 50 mg/day for 3 months ( N  = 5) and the other group were heroin addicts 
without prior exposure to methadone or LAAM ( N  = 5) [ 100 ]. The methadone group 
received LAAM 60 mg and then under chronic conditions 85 mg/dose three times a 
week for 3 months with plasma samples obtained to determine LAAM disposition. 
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The second group started with LAAM 25 mg which was increased to the 85 mg/dose 
three times a week. Under the acute conditions, LAAM plasma concentrations had a 
biexponential decline with a mean  t  α  = 4.6 h (range 3.1–9.9 h) and a  t  β  = 53.3 h (range 
31.5–115.5 h). The mean  t  max  was 3.3 ± 1.2 h. With chronic dosing administration, 
nor-LAAM and dinor-LAAM plasma concentrations increased by fi ve- to tenfold 
with an elimination half-life of 31 h and >100 h, respectively. 

 The PD effects of LAAM and methadone were compared in nine occasional opi-
oid users with oral doses of 15, 30, and 60 mg/70 kg given to each subject. The NLX 
challenge dose of 1 mg/70 kg was given to determine if NLX can reverse PD effects 
of LAAM or methadone [ 101 ]. In a variety of PD measurements (e.g., VAS scores), 
LAAM was reported to produce a more PD signifi cant effect than  methadone. For 
example, pupil diameter changes were signifi cantly of a greater magnitude than 
methadone by a factor of 1.63 ( p  < 0.05). Three subjects were withdrawn from the 
study due to respiratory depression induced by the LAAM 60 mg dose. Unlike meth-
adone fi ndings, NLX failed to reverse LAAM 60 mg induced pupil constriction. 
These results can assist clinicians determining appropriate LAAM doses when con-
verting patients from methadone to LAAM. Also, LAAM may possess more potent 
PD effects than methadone and lower doses may be indicated. 

 Methadone and LAMM PK and PD were compared in 16 stable patients on 
methadone maintenance [ 102 ]. Half of the subjects were known as “non-holders” 
where inadequate methadone doses led to unpleasant withdrawal symptoms. 
Methadone and LAAM mean daily doses were identical in the methadone holder 
mean 73 ± 32 and 73 ± 34, respectively. For the non-holders, the LAAM mean dose 
was a 1.1 factor higher (mean 93 ± 52 mg versus 83 ± 49 mg). The methadone PK 
profi le did not differ between the two groups. However, withdrawal symptoms were 
initially reduced up to 9 h after methadone dosing in the non-holders and signifi -
cantly elevated afterwards ( p  < 0.001), while holders did not experience any with-
drawal symptoms. Interestingly, LAAM PD effects in the non-holders showed that 
withdrawal symptoms and scores remained reduced 2 h after dosing and remained 
consistently reduced up to 24 h (also signifi cantly lower when given methadone 
noted at 24 h,  p  < 0.001). The withdrawal symptoms scores for LAAM non-holders 
only slightly increased at 36 and 48 h later. Therefore, methadone non-holder 
patients can be effectively treated with LAAM. 

 A randomized 24-week clinical trial compared the QT interval changes between 
methadone and LAAM [ 92 ]. LAAM-treated patients ( N  = 31) showed a signifi cant 
increase in QTc interval prolongation (0.409 ± 0.022 s versus 0.418 ± 0.28 s, 
 p  < 0.046), whereas methadone-treated patients ( N  = 22) did not. More LAAM 
patients with borderline prolonged and prolonged QTc intervals were observed than 
methadone-treated patients (LAAM seven patients versus methadone one patient, 
 p  = 0.1). This study showed that LAAM produced a higher incidence of prolonged 
QTc intervals than methadone with careful ECG monitoring recommended [ 92 ]. As 
previously mentioned, regulatory agencies have place severe restrictions with 
LAAM. 

 Based upon the information with LAAM, if prescribed in the USA and outside 
of Europe, it is given in juice like methadone but every other day or three times a 
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week. Patients switched from methadone to LAAM can be dosed 1.2–1.3 times 
higher therapeutic concentrations achieved within 2 weeks. If LAAM is given more 
than every other day, the drug accumulates and a fatal overdose may result. Drug 
interactions particularly with CYP3A4 inhibitors should not be prescribed in 
LAAM-treated patients. Since LAAM elimination half-life is longer, the drug 
remains detectable for up to 72 h post dose but provides a stable plateau of plasma 
concentrations, preventing withdrawal symptoms. As previously mentioned, the 
QTc interval prolongation severely limits LAAM usage today.  

14.7     Conclusion 

 The pharmacologic treatment for addiction remains elusive. Few products are avail-
able that directly treat alcohol, nicotine, and drug dependence such as acamprosate 
and varenicline. The promise of methadone to treat opiate dependence soon became a 
separate dependence problem. LAAM was initially shown to be benefi cial for opioid 
dependence, but due to QTc interval prolongation, its use has become discouraged 
due to safety and regulatory issues. NLX is widely accepted as the antagonist for opi-
ate overdose and is included in many fi rst-responder’s medical emergency kits. NTX 
is approved for opiate and alcohol dependence. The combination products that contain 
an opiate agonist or partial agonist and an opiate antagonist have found several roles 
in therapy for short-term use in the medically supervised withdrawal therapy, long-
term use as for opioid dependence as maintenance therapy, and the prevention or 
treatment of opiate-induced constipation. However, addition of an opiate antagonist 
agent in a combination product has not averted the substance abuse challenges with 
the opiate agonists or partial agonists but may effectively address the opiate-induced 
constipation problems. Opiate, alcohol, and other types of drug dependence continue 
to be a worldwide medical problem facing our society.     
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    Chapter 15   
 Anesthetic Drugs Pharmacokinetics 
and Pharmacodynamics                     

       Michael     W.     Jann     

    Abstract     Patients undergoing surgery require anesthesia that involves using a vari-
ety of medications that promote sedation, pain mitigation, and abate any response to 
stimulation. Early agents used for sedation induction were thiopental and etomidate. 
Although ketamine is commonly used in veterinary medicine, this agent is often 
employed in combination with a benzodiazepine to induce analgesia and sedation. 
Ketamine is a racemic mixture where the S(+) isomer is two to four times more 
potent. Midazolam is a water-soluble benzodiazepine where at pH>4, the mole-
cule’s ring structure closes, and it becomes a highly lipophilic agent. Both ketamine 
and midazolam pharmacokinetics fi t into a two-compartment open model and pri-
marily metabolized by CYP3A4. The muscle relaxant agents succinyolcholine, 
d-tubocurarine, roncuronium, and vencuronium induce muscle paralysis used for 
anesthesia. Succinylcholine pharamacokinetics has been described as a one- 
compartment open model whereas the other agents a two- or three-compartment 
open model. Their pharmacodynamics effects are closely linked with their pharma-
cokinetic profi les. The short-acting opioids fentanyl, sufentanil, and alfentanil are 
used in anesthesia for pain management and maintain cardiovascular stability. The 
pharmacokinetics of these agents are expressed as either a two- or three- compartment 
open model and mainly metabolized by CYP3A4. Propofol and thiopental display a 
three-compartment open model. Various factors can alter anesthetic drug disposi-
tion and their pharmacodynamic actions.  
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15.1       Introduction 

 Anesthesia induction of patients undergoing surgery requires various combinations 
of medications to promote sleep or loss of consciousness, alleviate pain, and dimin-
ish response to any stimulation. Anesthesia is commonly achieved with a minimum 
of two different types of pharmacologic agents such as a hypnotic and an opioid 
analgesic [ 1 ]. In addition to the pharmacologic agents for hypnosis and analgesia, 
inhalation anesthetics and muscle relaxants are often employed prior to their usage. 
Physical signs have served as distinct pharmacodynamic (PD) biomarkers for the 
anesthesia that include respiratory patterns, somatic muscle tone, ocular signs, 
hemodynamic parameters, and the minimum alveolar concentration (MAC) [ 2 ]. 
This chapter will focus only on the pharmacologic agents used in anesthesia. For a 
review of the inhalational anesthetic agents, these agents display a three- compartment 
model as shown in Fig.  15.1  and the reader is referred to these references [ 3 ,  4 ].

   A summary of the anesthetic agents covered in this chapter is presented in 
Table  15.1 . Pharmacologic anesthetic agents given intravenously (IV) or orally were 
used since the 1930s with thiopental, but integrating their pharmacokinetic proper-
ties with the PD effects occurred 45 years later. Since then, sophisticated PK/PD 
modeling methods have been developed and continually to be revised that enhances 
the clinical utility of these agents and development of newer agents. Anesthetic 
agents PK and PD have increased the comprehension of other central nervous sys-
tem (CNS) drugs that have been employed to treat neurological and psychiatric 
medical conditions. This chapter will include the muscle relaxants used in anesthesia 
as distinct PK/PD models that are used in clinical practice. Some of the anesthetic 
agents have an extensive array of PK and PD studies (e.g., midazolam, propofol) and 
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  Fig. 15.1    Three-compartment open pharmacokinetic model       
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only selected key articles were selected for inclusion in this chapter. Although at 
least two different anesthetic drugs are used in clinical practice, the PK/PD of these 
agents is reviewed individually and the reader is referred to the drug- drug interac-
tions with the anesthetic drugs in Chap.   24    .

15.2        Etomidate 

 Etomidate (ETD) is a carboxylated imidazole with hypnotic properties and the FDA 
approved the drug as an IV anesthetic induction agent [ 5 ]. Preclinical studies 
reported that ETD may possess a wider margin of safety compared to thiopental [ 6 ]. 
CNS depressant actions were related to the stimulation of the gamma-aminobutyric 
acid (GABA) receptors. However, pain upon injection and myoclonia were reported 
to be ETD’s most undesirable adverse side effects. Nausea and vomiting occurring 
more frequently (as high as 50 %) have been reported in various studies with mul-
tiple ETD dosing [ 7 ]. 

  ETD Pharmacokinetics and Pharmacodynamics     ETD has been described similar 
to thiopental with an open three-compartment pharmacokinetic (PK) model shown in 
Fig.  15.1 . Table  15.1  describes the general ETD PK parameters. ETD 0.3 mg/kg was 
administered IV to eight patients who underwent eye or ear surgery with 14 blood 
samples obtained over the following 10 h [ 8 ]. The following PK properties (mean ± s.d.) 
were found with ETD that included volume of distribution (Vd) of 4.5 ± 2.2 L/kg, CL 
of 860 ± 230 mL/min, and elimination half-life of 4.6 ± 2.6 h. The free fraction of ETD 
was about 7 % and the hepatic extraction ratio of 0.5 was determined. A later study 
reported that ETD with a rapid distribution half-life of 2.81 ± 1.64 min and a protein 
binding of 77 % almost totally to albumin was metabolized by hydrolyzation in the 
plasma and in the liver at the ETD ester forming carboxylic acid [ 7 ].  

      Table 15.1    Summary of the pharmacokinetic parameters of selected anesthetic agents   

 Drug 
 Vd (L/
kg) 

 CL (mL/kg/
min) 

 Protein 
binding (%)  Metabolism   T  1/2β  (h) 

 Action duration 
(min) 

 Alfentanil a   0.3–1.0  3–7.6  92  CYP3A4 b   0.6–1.5  5–10 
 Etomidate  2.5–4.5  18–25  77  Hydrolysis c   2.9–5.3  3–5 
 Ketamine  3.1  12–17  12  CYP3A4 d   2–4  5–10 
 Midazolam  1.1–1.7  6.4–11  94  CYP3A4 e   1.7–2.6  15–20 
 Propofol  2–10  20–30  97  CYP2B6 f   4–23  3–5 
 Thiopental  2.5  3.4  83  N.R.  11  5–10 

   a Adapted from Eilers and Niemann [ 1 ] 
  b Davis and Cook [ 59 ] 
  c Kharasch et al. [ 120 ] 
  d Geise and Staney [ 7 ] 
  e Santamaria et al. [ 121 ] 
  f Kronbach et al. [ 26 ] 
  g Turpeinen and Zanger [ 94 ]  
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 A PD dose-response relationship was found with ETD in patients undergoing 
electroconvulsive therapy (ECT) that received no other premedication treatment 
[ 9 ]. ETD was given at doses of 0.1, 0.2, and 0.4 mg/kg. The higher ETD doses had 
signifi cantly greater effects on waking time and the late recovery time ( p  < 0.01). 
The ETD 0.1 mg/kg dose had a reported mean (± s.d.) waking time of 7.52 ± 1.07 min 
and a mean recovery time of 20.41 ± 1.17 min. The ETD doses of 0.2 mg/kg and 
0.4 mg/kg reported mean waking times of 10.02 ± 0.78 min and 14.05 ± 1.46 min, 
respectively. The ETD 0.2 mg/kg and 0.4 mg/kg reported mean late recovery times 
of 27.60 ± 1.74 min and 38.05 ± 2.70 min, respectively. ETD ( N  = 10) 0.3 mg/kg was 
compared to thiopental ( N  = 5) 3.5 mg/kg in patients with various elective surgeries 
and PD actions assessed by the EEG [ 10 ]. The main differences between the two 
agents were the lack of beta activity and a longer duration of “deep stage” sleep 
with ETD. ETD had higher incidences of pain and myoclonic and tonic movements 
than thiopental but these effects were not associated with epileptiform discharges.  

15.3     Ketamine 

 Ketamine (KTM) is an N-methyl-D-aspartate (NMDA) receptor antagonist that 
blocks glutamatergic functions with opioid receptor activity [ 11 ,  12 ]. KTM has 
been used in veterinary medicine and when combined with benzodiazepine anes-
thetics employed for analgesia and sedation in adult and pediatric populations [ 13 ]. 
KTM has effi cacy in neuropathic and nociceptive pain. A variety of administration 
routes for KTM have been utilized including parenteral, oral, rectal, subcutaneous, 
transdermal, and intranasal [ 11 ]. Only the routes of administration when KTM is 
used for anesthesia will be presented in this chapter. 

  KTM Pharmacokinetics and Pharmacodynamics     KTM PK was investigated in 
fi ve adult healthy male volunteers given a single dose of 0.125 and 0.250 μg/kg 
separated by 1 week [ 14 ]. Blood samples were obtained prior to drug administra-
tion and for 7 h afterward. Pain assessment was conducted by using sphygmoma-
nometers known as “tourniquet time.” KTM plasma concentration time data were 
fi tted by a two-compartment open model. The KTM metabolite nor-KTM was also 
characterized. The mean KTM PK parameters for both doses reported were clear-
ance (CL) of 17 mL/min/kg, elimination half-life of 186 ± 8 min, and volume of 
distribution (Vd) of 3.1 L/kg. Nor-KTM peak plasma concentrations (mean ± S.E.M.) 
were reached at 75 min (40 ± 14 ng/mL) and 45 min (21 ± 3 ng/mL) for the 0.250 μg/
kg and 0.125 μg/kg doses, respectively. Both KTM doses extended the period of 
pain- free time at KTM plasma concentrations greater than 100 ng/mL. KTM 
0.5 mg/kg single dose was given intramuscularly (IM) and an oral solution to six 
healthy volunteers and the pain evaluation was conducted by the tourniquet test by 
ischemic exercise [ 15 ]. KTM bioavailability was found to be 93 % and 16 % for the 
IM and oral solution, respectively. The mean (± s.d.) peak plasma concentration 
occurred at 22 ± 4 min and 30 ± 5 min for the IM and oral solution, respectively. The 
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mean elimination half-life for the IM and oral routes were 115 ± 12 min and 
174 ± 50 min, respectively, with plasma concentrations associated with analgesia at 
150–160 ng/mL [ 15 ,  16 ]. Nor-KTM plasma concentrations were 2- to 5-fold higher 
than KTM plasma concentrations noted from oral administration. Nor-KTM 
plasma concentrations were generally lower than the KTM plasma levels when 
given by the IM route [ 15 ].  

 KTM is also a racemic mixture of two enantiomers S(+) KTM and R(−) KTM 
where the S isomer has been suggested to be two to four times more potent in pain 
alleviation and causes fewer adverse side effects than the racemic KTM [ 17 ]. The 
S(+) isomer was also reported to be twice as potent as the R(−) isomer on the NMDA 
receptors [ 18 ]. KTM is extensively metabolized by hepatic CYP3A4 (to nor-KTM) 
and to a lesser extent CYP2B6 and CYP2C9 [ 19 ]. Potential drug-drug interactions 
can occur with KTM via CYP enzymes (see Drug-Drug Interactions Anesthetic 
Agents Chapter). 

 The PK properties for racemic and S(+) KTM were evaluated in 50 adult patients 
undergoing minor surgery [ 20 ]. The patients were divided into two groups of 25 
patients that received racemic KTM 2 mg/kg and S(+) KTM 1 mg/kg. Using the 
change of systolic arterial pressure, the sample size of 22 patients per group was 
calculated that achieved at 90 % power (alpha) at a 5 % level (beta). The PK 
 parameters of S(+) KTM did not signifi cantly differ from the racemic KTM. For 
example, the S(+) KTM mean (± s.d.) elimination half-life was 2.39 ± 1.26 h, CL 
16.4 ± 5.7 mL/min/kg, and Vd 2.84 ± 1.59 L/kg. Systolic and diastolic arterial pres-
sure signifi cantly increased with both agents ( p  < 0.005). S(+) KTM had signifi -
cantly ( p  < 0.005) higher systolic and diastolic arterial pressure than racemic KTM 
noted at 1, 3, and 15 min after drug administration. S(+) and R(−) KTM PK were 
examined in ten healthy male volunteers given two infusion cycles of S(+) KTM 0.1 
and 0.2 μg/mL/min of R(−) KTM (11). KTM PK was estimated using a 2- and 
3-compartment model. S(+) KTM showed a signifi cantly ( p  < 0.05) higher mean 
(± s.d.) CL of 26.3 ± 3.5 mL/min/kg than R(−) KTM 13.8 ± 1.3 mL/min/kg. The 
authors suggested that R(−) KTM may inhibit S(+) KTM elimination although a 
mechanism was not proposed. Further studies would be needed to confi rm the 
actions of R(−) KTM on S(+) KTM PK.  

15.4     Midazolam 

 Midazolam (MDZ) is the fi rst water-soluble benzodiazepine and used for sedation 
and sleep induction for anesthesia [ 21 ,  22 ]. Under the environmental pH = 4, the 
ring diazepine structure opens reversibly that produces a highly water-soluble mol-
ecule. At pH > 4, the ring closes resulting in a highly lipophilic molecule that under 
physiological pH rapidly enters the CNS after drug administration [ 21 ]. MDZ can 
be given IV, IM, and orally to induce sedation and anesthesia. Due to wealth of 
information with MDZ, the pharmacokinetic and pharmacodynamic sections were 
separated with selected information presented. 
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  MDZ Pharmacokinetics     A summary of MDZ PK is presented in Table  15.1  and its 
elimination half-life was shown not to be signifi cantly different when given either IV, 
IM, or oral administration [ 21 ]. MDZ PK will be briefl y presented in this section as 
an open two-compartment model was described after IV administration [ 23 ]. MDZ 
PK was examined in six healthy volunteers given 5 mg IV, 10 mg oral solution, and 
10 mg oral tablet [ 23 ]. The mean (± s.d.) MDZ bioavailability was reported to be low 
at 0.36 (±0.09) indicating a signifi cant fi rst-pass effect. The mean Vd and total MDZ 
CL after the IV dose were 1.14 ± 0.57 L/kg and 0.383 ± 0.094 L/kg/h, respectively. 
The mean terminal elimination half-life was 1.77 ± 0.83 h from the three different 
administration routes. After IV administration, sleep induction occurred within 
1–2 min with continued sedation for an average of 1.33 h. Sleep induction took place 
later with the oral solution and tablet with an average of 0.38 h (range 0.25–0.55 h) 
and sedation was maintained for an average of 1.17 h (range 0.5 ± to 2.33 h). MDZ 
bioavailability was investigated with the oral doses 10 mg, 20 mg, and 40 mg versus 
an IV dose of 0.15 mg/kg in six healthy volunteers [ 24 ]. The mean MDZ bioavail-
ability range for the 10 and 20 mg dose was identical (0.46 ± 0.11 and 0.48 ± 0.12, 
respectively). The MDZ bioavailability was greater with the 40 mg dose (range 
0.63–0.72), but only three subjects were able to tolerate the high dose. The MDZ 
distribution of blood/plasma concentration coeffi cient ( λ ) was reported to be 0.53 
indicating only a small extent of binding to red blood cell erythrocytes. MDZ is pri-
marily metabolized by the CYP3A4 to its 1-OH and 4-OH MDZ metabolite. The 
1-OH metabolite is converted to another metabolite 1,4 OH compound. All three 
metabolites are glucuronidated and then renally eliminated [ 21 ,  25 ].  

  Factors That Infl uence MDZ Pharmacokinetics     The factors reported to affect 
MDZ PK disposition were age and obesity [ 26 ]. It was found that in elderly males 
versus adult males, a decrease in drug CL took place. Differences in MDZ PK 
between elderly females and adult females were not found. Vd was slightly 
increased in the elderly females and males, but it was not signifi cant. Based upon 
these fi ndings, MDZ doses should be reduced by about 50 % in elderly men. MDZ 
disposition was signifi cantly altered in morbidly obese persons refl ected by the 
Vd with enhanced drug distribution into peripheral adipose tissues. This action 
produces a signifi cant ( p  < 0.05) prolongation in MDZ elimination half-life. 
Therefore, MDZ doses should be increased proportionally to the patient’s total 
body weight. Signifi cant differences in MDZ PK were not found between patients 
with chronic renal failure and normal controls and dosage adjustments are not 
recommended.  

  MDZ Pharmacodynamics     MDZ can induce and maintain anesthesia, used as a 
premedication agent prior to surgery and as an adjunct to local or regional anesthe-
sia for sedation [ 26 ]. During anesthesia, MDZ affects respiration via CNS depres-
sion, but lacks signifi cant cardiovascular effects, and produces only a slight decrease 
in cerebral perfusion and oxygenation [ 27 ]. IV MDZ 0.15 mg/kg was given to 
healthy unpremedicated volunteers ( N  = 20) where CNS and cardiovascular effects 
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were monitored [ 28 ]. Signifi cant adverse effects were not found and blood pressure 
only slightly decreased after 3 min postdrug administration. Anterograde amnesia 
and drowsiness were observed in all subjects,  

 The PD effects of oral MDZ 10 mg, 20 mg, and 40 mg or IV MDZ 0.15 mg/kg 
were investigated in six healthy volunteers [ 29 ]. The PD tests included the tracing 
test, reaction time, subject’s self-assessment (sedation, muscle relaxation, and con-
centration capacity), and investigator subjective assessment. After drug administra-
tion, MDZ PK parameters were determined and the plasma concentrations were 
linked with the PD effects using the sigmoid Hill Equation  E  max  model:  E  =  E  max  × Cp/
EC 50  × Cp where  E  = the intensity of action,  E  max  = maximal effect, Cp = concentra-
tion linked to the effect, and  EC  50  = plasma concentration at 50 % of  E  max . Peak 
effects from the oral route occurred at 30 min in reducing the PD effects. The dura-
tion of the PD effects were 2 h for the IV route and the 10 mg oral dose. The 20 and 
40 mg doses had a signifi cantly longer effect of 4 h ( p  < 0.05). The minimum effec-
tive MDZ plasma concentration to affect the subject’s reduced PD actions ranged 
from 30 to 100 ng/ml. The PD effects were correlated with the  E  max  model. The 
respiratory and cardiovascular effects of MDZ and diazepam (DZ) were compared 
in eight healthy volunteers [ 30 ]. MDZ 0.05 mg/kg and DZ 0.15 mg/kg were given 
via the IV route using a randomized double-blind crossover method. Blood pres-
sure, blood gases, and Pa CO2  with plasma drug concentrations were obtained. The 
PD effects of blood pressure and Pa CO2  followed a sigmoidal  E  max  model where the 
MDZ EC 50  was from 50 to 60 ng/ml. Correlation between respiratory effects and 
plasma drug concentrations was not found. In another study with IV MDZ 0.15 mg/
kg and DZ 0.3 mg/kg given to eight healthy volunteers, both agents produced an 
equal effect in respiratory depression measured by ventilatory and mouth occlusion 
pressure response to CO 2  [ 31 ]. Therefore, MDZ like DZ can cause signifi cant respi-
ratory depression. Physostigmine 2.0 mg given IV was reported in three case reports 
to reverse the MDZ-induced sedation [ 32 ]. Flumazenil, a benzodiazepine receptor 
antagonist, was reported to reverse the respiratory depression effects of MDZ alone 
and MDZ plus alfentanil in healthy volunteers ( N  = 20) using a starting dose of 1 mg 
IV followed by an infusion of 20 μg/min [ 33 ]. Flumazenil has become the standard 
“rescue” medication for reversing the actions of MDZ and other benzodiazepines. 
MDZ has been compared to other anesthetics and benzodiazepines for anesthesia 
induction with comparable effects [ 21 ].  

15.5     Muscle Relaxants 

 Muscle relaxants are commonly used as adjunctive medications for anesthesia for 
endotracheal intubation and to reduce muscle tone during surgery [ 34 ]. These agents 
are given to patients undergoing general anesthesia and usually not to normal healthy 
volunteers. Patients with normal hepatic and renal function are considered as “nor-
mal” patients. Muscle relaxant PK and PD actions contributed toward the 
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understanding of integrating PK to PD effects. A large number of muscle relaxants 
are available and beyond the scope of this chapter to cover. Muscle relaxants are 
neuromuscular-blocking agents with their main pharmacologic action to inhibit 
transmission of nerve impulses by acetylcholine at the skeletal neuromuscular junc-
tion [ 34 ]. Inactivation of neuromuscular blockers occurs via plasma cholinesterase 
by hydrolysis dependent on three factors: (1) intrinsic speed of reaction, (2) drug 
concentration, and (3) esterase concentration [ 35 ]. Based upon these pharmacologic 
mechanism, neuromuscular agents either depolarizing (non-competitive) or non- 
depolarizing (competitive) agents are deactivated [ 34 ]. Extensive review articles on 
the clinical pharmacokinetics of these agents have been published with various fac-
tors including pregnancy that can infl uence their disposition [ 34 ,  36 – 39 ]. This sec-
tion will present only selected agents with succinylcholine as the depolarizing agent. 
Tubocurarine (d-isomer) is considered the prototypical non-depolarizing agent and 
the “newer” agents rocuronium and vecuronium are discussed in this section. 

  Succinylcholine (SCL) Pharmacokinetics and Pharmacodynamics     The typical 
adult dose of SCL is about 1.0 mg/kg that results in complete neuromuscular block-
ade with a 50 % recovery time in approximately 10 min [ 37 ]. SCL PK can be esti-
mated by a one-compartment model and elimination:  C  o  =  C  ×  e  − kτ  . The PD model 
can be determined as  E  =  E  o  −  k  m  ×  t  d /2.30, where  E  o  = the effect at time zero and 
 t  d  = the time to whatever blockade percentage is selected at minute in a typical 70 kg 
patient with 3.5 l of plasma. It was reported that the in vivo rate of SCL hydrolysis 
was between 3 and 7 mg/L/min and that an infusion rate of 4 mg/min was needed to 
maintain a 90 % reduction in the human twitch movement [ 36 ]. About 1/2800 per-
sons possess an atypically low amount of plasma cholinesterase which results in a 
slower rate of hydrolysis and in those persons, the SCL dose was suggested to be 
signifi cantly reduced by tenfold or greater [ 40 ]. However, presently, patient identi-
fi cation is not yet possible and clinicians must carefully monitor every patient.  

  Tubocurarine (dTC) Pharmacokinetics and Pharmacodynamics     Early dTC 
PK reported studies have been limited to blood sampling collection times of up to 
60 min postdrug administration. The use of dTC has been reported since the 1960s 
[ 41 ]. dTC PK studies with longer sample collection times up to 24 h reported a 
terminal half-life as long as 3.5 h, but a rapid recovery from muscle relaxant effects 
occurred after 15 min of drug cessation. The volume of distribution from the central 
compartment ( V  c ) for dTC was estimated to be 72–97.7 mL/kg [ 37 ]. From the cen-
tral compartment shown in Fig.  15.1 , the  k  e  leads to the sigmoidal  E  max  PD model 
[ 37 ]. A signifi cant linear correlation between serum dTC concentration and muscle 
twitch tension was found and recovery from the twitch tension was estimated to be 
0.7 μg/mL [ 42 ].  

 dTC infusion was given to patients ( N  = 12) to maintain a “steady-state” concen-
tration of 1.09 μg/mL and after the infusion cessation, twitch response returned in 
half of patients with a full recovery for all patients in 30 min [ 43 ]. Based upon 
these results, a dTC bolus dose of 540 μg/kg and infusion rate of 2.0 μg/kg should 
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produce continuous paralysis in the average patient. PK of dTC was reported not 
to signifi cantly differ between infants, children, and adults and patients with 
 hypothermia [ 44 ,  45 ]. dTC was simultaneously modeled using the open three- 
compartment model and the sigmoidal  E  max  model [ 46 ]. The results reported that 
the mean rate constant for dTC equilibrium for a paralysis effect from infusion was 
a serum concentration of 0.13 ± 0.04 μg/min and the mean steady-state serum 
 concentration of 0.37 ± 0.05 μg/mL to achieve 50 % paralysis. These studies 
 suggest that dTC has been well characterized for its PK and PD effects in a variety 
of patient populations [ 34 ,  46 ]. 

  Rocuronium (RCM) Pharmacokinetics and Pharmacodynamics     RCM is a neu-
romuscular-blocking drug that has a similar PK profi le as vecuronium (see vecuronium 
section) and time course of action except that it has a more rapid onset of action with 
an ED 95  of 0.3 mg/kg [ 38 ]. RCM had an average CL and terminal elimination half-life 
was 0.27 L/h/kg and 83 min, respectively. Age, renal failure, smoking, and hypother-
mia were reported not be signifi cant factors in RCM CL and Vd when comparing 
these parameters to the adult population [ 38 ,  47 ]. RCM protein binding was found to 
be at 25 % and the only metabolite detected was  17-desacetyl- RCM present in very 
low concentrations. The metabolite is only 1/20 as potent as RCM and likely clinically 
insignifi cant [ 38 ]. RCM PK and PD was evaluated in patients ( N  = 10) who were 
 stabilized under either propofol or isofl urane anesthesia [ 48 ]. Differences in RCM PK 
were not found between the two groups. After a second RCM bolus dose of 
0.5 mg/kg, the duration of neuromuscular blockade was signifi cantly longer in the 
isofl urane group versus the propofol group (20 ± 6 min versus 39 ± 8 min,  p  < 0.05). 
Using the sigmoidal  E  max  model, the EC 50  was signifi cantly higher under propofol 
anesthesia (1008 μg/L versus 592 μg/L,  p  < 0.05).  

 The effects of RCM PK in patients with mild to moderate cirrhosis ( N  = 17) was 
compared to healthy patients ( N  = 21) given an RCM bolus dose of 0.6 mg/kg [ 49 ]. 
Blood samples were obtained for the next 8 h after RCM administration with the 
twitch response assessed. Using a three-compartment open model, RCL CL was 
signifi cantly reduced in the cirrhotic group (2.66 mL/kg/min versus 3.70 mL/kg/
min,  p  < 0.005) and elimination half-life was also signifi cantly prolonged in the cir-
rhotic group (28.3 ± 12.1 min versus 16.8 ± 4.6 min,  p  < 0.005; 143 ± 80 min versus 
92 ± 40 min,  p  < 0.05, respectively). The time for clinical effect did not differ 
between the groups, but the mean time to recovery was signifi cantly longer in the 
patients with cirrhosis (T50 % recovery 73.9 ± 33.9 min versus 52.6 ± 19.8 min, 
 p  < 0.05). The increased PD recovery time refl ects the prolonged PK effects of RCM 
in patients with cirrhosis. A similar fi nding in RCM PK and PD (recovery time) was 
reported in patients with obstructive jaundice (OJ,  N  = 27) and control patients 
( N  = 26) given RCM of 0.9 mg/kg [ 50 ]. RCM plasma concentrations were signifi -
cantly higher ( p  < 0.05) from 30 to 120 min post RCM bolus injection with a cor-
responding longer recovery time (T25 % OJ 80.8 ± 16.9 min versus 62.8 ± 13.2 min, 
 p  < 0.01). From these studies, hepatic impairment but not renal impairment can 
 signifi cantly alter RCM disposition and prolong PD effects. 
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  Vecuronium (VCM) Pharmacokinetics and Pharmacodynamics     VCM and its 
active 3-desacetyl VCM metabolite PK and PD were reported in 12 healthy volun-
teers [ 51 ]. Animal models reported that 3-desacetyl VCM had about 50–70 % 
neuromuscular- blocking activity as VCM [ 52 ]. The VCM and metabolite PK data 
were fi t into a two- and three-compartment open model with the PD twitch model 
analysis using the sigmoidal  E  max  model. The VCM CL was signifi cantly greater 
than the metabolite (5.39 [range 5.04–7.19] mL/kg/min versus 3.51 [range 2.11–
6.57] mL/kg/min,  p  < 0.05). The metabolite had signifi cantly greater Vd and longer 
elimination half-life than VCM (254 [range 215–411] L/kg versus 152 [range 111–
170] L/kg; 116 [44–672] minutes versus 34 [range 25–61] minutes,  p  < 0.05). The 
EC 50  for the VCM and its metabolite was 123 [range 109–154] ng/mL versus 102 
[range 71–123] ng/mL ( p  < 0.05), respectively. These fi ndings show that the 
3-desacetyl VCM is a potent active metabolite and can prolong VCM PD actions in 
patients [ 51 ].  

 The PK and PD of VCM were compared to pancuronium (PCM) in nine patients 
undergoing surgery [ 53 ]. VCM was shown to have a 50% shorter mean elimination 
half-life than PCM (71 ± 20 min versus 140 ± 25 min,  p  < 0.05) and corresponding 
increase in CL. The EC 50  was similar for both agents. The PK and PD of VCM were 
compared to PCM in twelve children aged 3–6 years [ 54 ]. The elimination half-life 
of VCM did not signifi cantly differ from PCM. However, the VCM Vd and CL were 
signifi cantly greater than PCM with shorter VCM duration of action and recovery 
index ( p  < 0.05). The shorter action duration for VCM was suggested to be probably 
due to the larger Vd and higher CL. Elderly patients (age 70–84 years) were found 
not to have any signifi cant differences in PK and PD actions compared to young 
adults (age 30–57 years) when given VCM and PCM [ 55 ]. 

 VCM PK and PD effects were compared in normal patients ( N  = 7) and patients 
with renal failure ( N  = 12) given 0.1 mg/kg [ 56 ]. Mean VCM CL was signifi cantly 
reduced in patients with renal failure (3.08 ± 0.83 mL/kg/min versus 5.29 ± 2.17 mL/
kg/min,  p  < 0.05) and duration of action signifi cantly longer (98.6 ± 37.7 min versus 
54.1 ± 25.2 min,  p  < 0.05). A signifi cant correlation between VCM CL and duration 
of action was found to be  r  2  = 0.869. VCM PK was signifi cantly altered in burn 
patients ( N  = 20) compared to normal patients ( N  = 20) given a single bolus of 
0.12 mg/kg [ 57 ]. A three-compartment open model best described the VCM profi le 
with an enhanced VCM CL in burn patients (0.12 L/min versus 0.095 L/min, 
 p  < 0.001) and shorter elimination half-life (5.5 h versus 6.6 h,  p  < 0.001). This 
shorter time period of VCM exposure in burn patients may explain the resistance to 
VCM in these patients.  

15.6     Opioids 

 The role of opioids in anesthesia has evolved from use as a premedicant or adjunctive 
agent to the inhalants and postoperative pain management to a primary anesthetic 
drug due to their PD actions to maintain cardiovascular stability during surgery [ 58 ]. 
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Only the short-acting opioid agents fentanyl (Fen), sufentanil (Suf), and alfentanil 
(Alf) will be presented in this section as these agents are the most commonly used 
opioids in anesthesia. Fen was introduced in the 1960s with Suf and Alf being the 
“newer” opioids. The main advantages of these opioids over morphine are a faster 
onset of analgesia and shorter elimination half-life shown in Table  15.2  and that 
allows for enhanced dosing fl exibility in anesthesia management [ 58 ]. Additionally, 
these three drugs also have a lack of hyperglycemic response to surgery, decreased 
catecholamine levels, and increased lipid solubility [ 59 ].

    Opioid Pharmacokinetics and Pharmacodynamics     Fen and Suf PK have been 
described as a three-compartment open model [ 58 ]. Suf and Alf PK were described 
as both a two- and three-compartment model [ 58 ,  60 ]. The Gepts Model has been 
utilized as a foundational PK approach for Suf studies [ 61 ]. Peak brain concentra-
tions in patients ( N  = 19) were reached for Alf at 45 s, Suf at 5 min, and Fen at 6 min 
during the postacute stage of head injury with normal intracranial pressure [ 62 ].
These opioid PK parameters and their comparison to morphine are presented in 
Table  15.2  [ 58 ,  62 ]. Suf Vd and elimination half-life were found to be between Fen 
and Alf. All three opioids are highly protein bound [ 63 ]. Fen and Alf are metabo-
lized by hepatic CYP3A4 [ 64 ,  65 ]. Suf is also metabolized by N-dealkylation and 
O-demethylation, but a specifi c CYP enzyme was not reported [ 66 ]. Later, it was 
reported that CYP3A4 was responsible for Suf metabolism to the N-dealkylation 
metabolite [ 67 ]. Erythromycin is a known CYP3A4 inhibitor and was shown not to 
signifi cantly affect Suf disposition [ 68 ]. An explanation for the lack of erythromy-
cin effect on Suf PK may be due to its extraction ratio. Fen and Suf are agents with 
high hepatic extraction ratios of 0.8 and 1.0, respectively [ 69 ]. Compounds with a 
high extraction ratio could be less prone to metabolic inhibitors and more dependent 
on hepatic blood fl ow. Alf was found to have a low to moderate hepatic extraction 
ratio from 0.14 to 0.4 [ 58 ,  69 ,  70 ]. The three opioids were also reported not to be 
P-glycoprotein substrates but were shown to be inhibitors using the Caco-2 cell 
model [ 70 ]. The PD effects of Alf using the ED 95  serum concentration-response 
curves to maintain hemodynamic stability in surgical patients ( N  = 64) were reported 
be 300 ng/ml and 400 ng/ml for superfi cial and intra- abdominal operations, respec-
tively [ 71 ]. Concentration-response relationships for hemodynamic control under 
target-controlled infusion (TCI) with Suf and Fen were achiever with concentra-
tions of 0.71 ± 0.13 ng/mL and 7.3 ± 1.3 ng/mL, respectively [ 72 ]. Higher Suf and 
Fen mean concentrations of ≥1.25 ng/mL and 13.5 ng/mL, respectively, did not 

     Table 15.2    Summary of the opioid pharmacokinetic parameters [ 13 ]   

 Drug  Vd (L/kg)  CL (L/kg/h) 
 Protein 
binding (%)  Metabolism 

  T  1/2β  
(min) 

 Onset 
(min) 

 Alfentanil  0.75  0.48  92  CYP3A4  94  0.75 
 Sufentanil  3.2  0.76  92.5  CYP3A4  164  1 
 Fentanyl  4.5  0.78  84.4  CYP3A4  219  1.5 
 Morphine  3.2  0.9  30  Glucuronidation  177  7.5 

   Vd  volume of distribution at steady state,  CL  clearance,  T   1/2β   elimination half-life,  min  minutes  
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improve hemodynamic control. Slightly lower Suf Fen mean concentrations were 
reported also to be effective for patients undergoing CABS with 0.59 ± 0.13 ng/mL 
and 5.8 ± 1.9 ng/mL, respectively [ 73 ]. Using the Gepts Model for Suf TCI, anesthe-
sia was managed for patients ( N  = 34) with CABS with Suf concentrations as low as 
0.4 ng/mL and equally effective as 0.8 ng/mL [ 74 ].  

  Factors That Can Alter Opioid Pharmacokinetics and 
Pharmacodynamics     Opioids are typically administered as a bolus injection and/
or by continuous infusion. Other administration routes that can be used include 
epidural, intrathecal, transdermal, and intranasal in which each of these routes alters 
the PK of these three opioids [ 75 ]. Factors have been shown to infl uence opioid PK 
that include age, obesity, plasma protein content, acid-base status, hepatic, and 
 surgical procedures such as cardiopulmonary bypass [ 75 ]. Renal impairment was 
reported not to signifi cantly alter opioid disposition due to their PK profi les and 
hepatic extraction ratios. Age-related effects for opioid disposition result from 
changes in increased body fat, decreases in protein binding, hepatic blood fl ow, and 
enzyme capacity [ 75 ]. Children ages 9 months to 10 years had reported signifi cantly 
higher Alf CL than adults ( p  < 0.05) and a much shorter elimination half-life 
(41.6 min versus 55 min,  p  < 0.05). These PK changes were likely due to the 
increased CYP3A4 hepatic enzyme activity found in the children [ 76 ]. A similar 
fi nding with Suf was reported with children ages 2–8 years with an average CL of 
1.83 L/kg/h [ 77 ]. Using EEG assessments, it was found that a 50 % reduction in Alf 
or Fen dose in the elderly was needed to produce similar effects in EEG suppression 
compared to the adults although signifi cant PK differences were not found between 
the elderly and the adults [ 78 ].  

 Obesity was found to be a signifi cant factor in opioid PK as these agents are 
highly lipophilic due to the peripheral compartment (either two or three) that con-
tains a high adipose content. This factor increases opioid Vd which prolongs the 
drug’s elimination half-life. All three agents are highly protein bound (see 
Table  15.2 ); however, only 50 % of Fen and Suf are bound to albumin. Alf binding 
to albumin is lower at 33 % [ 63 ,  75 ]. These agents are also bound to α 1 -acid gly-
coprotein (AAG) and changes in AAG levels can either increase or decrease free 
drug concentrations. Acid-base changes in pH infl uence protein binding as alkalo-
sis leads to increased protein binding and acidosis results in decreased protein 
binding. The pH changes has greater effects for Fen > Suf > Alf [ 63 ]. As previously 
mentioned, hepatic blood fl ow is a major factor in opioid PK due to their extrac-
tion ratio. Hepatic impairment could affect opioid disposition but varying results 
have been reported and therefore, dosage adjustments may not be necessary except 
for patients with moderate to severe impairment [ 75 ]. Different surgical proce-
dures including cardiovascular bypass have been reported to alter opioid PK prop-
erties [ 79 – 83 ]. Surgery such as in CABS produces factors such as hemodilution, 
relative hypotension, and hypothermia [ 75 ]. Hemodilution results in lower plasma 
protein binding and increases drug Vd. Hypotension reduces hepatic blood fl ow 
and hypothermia reduces enzyme metabolic capacity. Each factor alters opioid 
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serum or plasma concentrations and those changes can lead to an enhanced or 
reduced PD effects by prolonging or diminishing the opioid pharmacologic 
actions.  

15.7     Propofol 

 Propofol (Ppf) is an anesthetic agent introduced in the 1980s to induce anesthesia. 
Unfortunately, a high incidence of pain upon IV injection and anaphylactoid reac-
tions resulted in the development of an emulsion formation [ 84 ]. Ppf can be given 
as a bolus injection and by controlled infusion to induce and maintain anesthesia. 
Selected articles are presented to describe Ppf disposition and its PD effects. 

  Ppf Pharmacokinetics and Pharmacodynamics     Ppf disposition was reported in 
12 adult patients (six males and six females) given a single bolus IV injection of 
2.5 mg/kg with blood samples collected for 8 h post-administration [ 85 ]. Ppf dis-
played a three-compartment open model as shown in Fig.  15.1 ; however, a subse-
quent second peak drug concentration occurred indicating a redistribution effect at 
60 min. Ppf PK did not signifi cantly differ between males and females and the mean 
(±SEM) CL was 1.80 L/kg for both groups. The elimination half-life for males was 
slightly greater than females (56.0 ± 4.0 min versus 44.9 ± 4.0 min,  p  = n.s.). Ppf PK 
was compared between the elderly ( N  = 12) aged 65–80 years and the adults ( N  = 12) 
aged 18–35 years [ 86 ]. Ppf doses were a single bolus of 2.0 mg/kg and 2.5 mg/kg 
for the elderly and adult groups, respectively. Ppf CL was signifi cantly lower in the 
elderly group than the adult group (1.43 ± 0.09 L/min versus 1.78 ± 0.12 L/min, 
 p  = 0.03) and a smaller Vd (19.6 ± 5.2 L versus 26.3 ± 2.9 L,  p  = 0.046). Plasma pro-
tein binding did not differ between the groups.  

 Ppf PK covariates given by bolus injection and a 60 min infusion were evaluated 
in 24 patients with the PK data fi tted to a three-compartment model [ 87 ]. Using a 
population PK approach, age was reported to be a signifi cant covariate for volume 
of distribution and CL. Ppf CL was infl uenced by weight, lean body weight, and 
height. When taken together, these three variables signifi cantly improved the model 
( p  < 0.01). PK of Ppf in children ( N  = 20) aged 2–10 years was compared to adults 
under infusion to maintain a target Ppf plasma concentration of 15 μg/mL for anes-
thesia (10 μg/mL is used for the adults) [ 88 ]. The volume of distribution in the 
central compartment (Vc) was about 50 % greater than adults (343 mL/kg versus 
228 mL/kg) and a higher CL (34.30 mL/kg/min versus 27.36 mL/kg/min). A larger 
Ppf bolus dose of 50 % and a higher maintenance infusion dose of 25 % were rec-
ommended for children. Lower Ppf Vd and CL were reported with the Asian popu-
lation (Indian and Chinese) and dosage adjustments may be needed [ 89 ,  90 ]. 

 Ppf was reported with in vitro models to be metabolized mainly by CYP2B6 
(although this enzyme is about 3–6 % of the total hepatic enzyme content) and to a 
lesser extend CYP2C9 [ 91 – 93 ]. The CYP2B6 and UGT1A9 genotypes were 
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reported to be signifi cantly affected by Ppf plasma concentrations in patients 
( N  = 51) aged 42–81 years [ 92 ]. The group had a mean age of 65 years with 29 sub-
jects >65 years and statistical analysis indicated patients with advanced age of 65 
years had a higher Ppf risk score when factored with the two genotypes that infl u-
ence Ppf PK and PD. 

 A number of studies have indicated that Ppf PK can be scaled allometrically and 
directly proportionally to lean body mass (LBM) [ 94 ,  95 ]. Ppf PK and PD effects 
were reported in adult patients ( N  = 42) and the sigmoidal Emax model was used to 
determine effective concentration (EC) to achieve a Bispectral Index Score (BIS) 
between 40 and 60 [ 96 ]. The Ppf maintenance EC 50  was found to be 2.23 mg/L (95 % 
C.I. 1.95–2.51). Ppf LBM was sued in dosing and sex was found not to infl uence the 
PK model. Using body weight as the key indicator for Ppf dosing, this concept was 
evaluated in adult morbidly obese patients ( N  = 66, BMI ≥ 40 kg/m 2 ) that used a pre-
set Ppf concentration of 2.5 μg/mL during infusion to maintain  anesthesia [ 97 ]. The 
Bispectral Index < 60 score (BIS) was used as the biomarker for anesthesia that deter-
mined the effective concentration (ECe). A probit regression model was used to cal-
culate the ECe 50  and ECe 95  for Ppf. Total body weight (TBW) was found to be the 
best factor in Ppf dosing and the ECe 50  was 3.4 μg/mL and ECe 95  was 4.2 μg/mL. A 
higher Ppf target concentration was needed in morbidly obese patients most likely 
due to the much larger Ppf Vd. Similar fi ndings using TBW for Ppf dosing and BIS 
in morbidly obese children and adolescents were found [ 98 ,  99 ]. 

 Although initial Ppf studies did not report sex as a signifi cant factor, later studies 
that measured Ppf metabolites reported that females had signifi cantly higher Ppf 
glucuronide (1.25 fold,  p  < 0.03), 4-OH Ppf-1-glucuronide (2.1 fold,  p  = 0.0009), 
and 4-OH Ppf-4-glucuronide (1.7 fold,  p  = 0.02) concentrations than males [ 100 , 
 101 ]. Signifi cant effects of CYP2B6 and UGT1A9 genotypes were not found to be 
factors. However, females tended to recover faster than males from Ppf anesthesia 
and that PD effect can be due to the increased Ppf metabolism. 

 Surgery can infl uence Ppf disposition. CABS effects on Ppf disposition was 
reported in patients ( N  = 19) given 4 mg/kg/h infusion [ 102 ]. Total Ppf concentra-
tions remained unchanged, but unbound Ppf amounts increased by twofold during 
surgery and decreased back to baseline levels at surgery completion. Careful patient 
monitoring is recommended during surgery. Ppf CL appears to change during liver 
transplantation as described in ten patients [ 103 ]. The following mean (± s.d.) Ppf 
CL were reported in the dissection, anhepatic, and reperfusion phases as 
1.89 ± 0.48 L/min, 1.08 ± 0.25 L/min, and 1.53 ± 0.51 L/min, respectively. The Ppf 
mean extraction ratio was found to be 0.24 ± 0.12 without changes in Ppf concentra-
tions between radial and pulmonary arteries. Ppf CL decreased about 42 % during 
the anhepatic phase and after reperfusion, Ppf metabolism resumes to prior capac-
ity. A population PK and PD model for Ppf in patients ( N  = 23) undergoing lung 
cancer surgery reported a lower EC 50  of 1.4 mg/L during Ppf infusion 8 mg/kg/h 
[ 104 ].  However, the Population PK variables for CL was 2.38 L/min and volume of 
distribution was 189 L, which did not differ from previous Ppf studies. It was sug-
gested that the use of Fen 3 μg/kg IV bolus dose may have infl uence the Ppf EC 50  or 
cancer patients could be more sensitive due to chemotherapy and other therapeutic 
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approaches to cancer. Other factors may infl uence Ppf PK and PD that remains to be 
elucidated. However, when making these assessments, Ppf modeling has generally 
utilized two specifi c approaches examining Ppf effect-site concentrations [ 105 ]. 
Computer simulation models have observed Ppf concentrations to range between 
1.3 and 4.4 μg/mL with a desired effect noted at 2 min after the bolus dose. 
Continuous infusion dosing may require an EC 50  from 1.5 to 4.0 μg/mL depending 
upon the patient’s body weight and other factors that infl uence Ppf PK and PD.  

15.8     Thiopental 

 Thiopental (TPL) is a barbiturate agent which was introduced into clinical anes-
thetic practice in 1934 and a popular anesthetic agent for many years. Unfortunately, 
thiopental produces respiratory and myocardial depression; causes spontaneous 
tremor, muscle movements, and hiccoughs in some patients; and is contraindicated 
in patients with porphyria and demyelinating diseases [ 106 ]. 

  TPL Pharmacokinetics and Pharmacodynamics     Thiopental’s very short PD 
actions were originally thought to be related to drug metabolism. It was not until the 
1950s and 1960s that TPL PK was modeled to describe its redistribution from the 
brain and plasma to less perfused fat tissues in the body that accounted for its actions 
[ 106 ]. A low extraction ratio for thiopental of 0.1 was reported that suggests that 
hepatic metabolism may not account for the PD actions [ 107 ]. The basic PK param-
eters of thiopental are shown in Table  15.1 . After a bolus intravenous (IV) injection 
of TPL, a basic PK model with a distribution and elimination phase was described 
[ 108 ]. However, early studies initially suggested that thiopental protein binding 
markedly decreases at plasma concentrations of 100 μg/mL or greater indicating 
increased availability of additional free thiopental concentrations [ 109 ]. Based upon 
these fi ndings, studies reported the lack of fi t in describing TPL using a one- or two- 
compartment model [ 108 ].  

 It was not until the 1980s that a three-compartment model was shown to accu-
rately describe thiopental PK with one central compartment feeding into two 
separate peripheral compartments with rate constants (e.g.,  k  1,2  and  k  2,1 ,  k  1,3  and 
 k  3,1 ) to and from each compartment [ 109 ]. Drug dosing proceeds directly into the 
central compartment with metabolism and elimination ( k   e  ) from the central com-
partment. Using the following equations, the total cumulative thiopental lost 
from the central compartment from metabolism was metabolic loss = CL × ∫ 
Cpssdt from zero to time t and total drug loss =  V  × [Cpss (0) – Cpss ( t )] where 
 V  = volume of distribution, CL = total body clearance, Cpss thiopental plasma 
concentration, 0 = time zero, and  t  = thiopental plasma concentration at time t. 
Using this mathematical approach, the following thiopental PK parameters were 
reported in 11 surgical patients (mean ± s.d.): CL = 3.4 ± 0.4 mL/min/kg;  V  (cen-
tral compartment) = 0.53 ± 0.18 L/kg; Vd (steady state) = 2.34 ± 0.75 L/kg; and 
terminal elimination half- life = 719 ± 329 min. Further, protein binding was exam-
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ined and found to be not different with TPL plasma concentrations >100 μg/mL 
and remained consistent at about 83 % [ 110 ]. The hepatic extraction ratio from 
the central compartment was reported to be 0.14. A TPL isomer  (1-ethylpropyl) 
was identifi ed but was present in only about 6–7 % in the TPL preparation. The 
isomer displayed similar PK properties as thiopental and anesthetic potency in 
mice [ 111 ]. TPL metabolism including its CYP profi le has not yet been reported 
due to early development of the drug. 

  Factors Infl uencing Thiopental Pharmacokinetics and 
Pharmacodynamics     Various factors were evaluated that could affect TPL disposi-
tion. TPL PK was reported to not signifi cantly differ between young women ( N  = 8) 
and young men ( N  = 8) with an age range from 20 to 40 years that used a three- 
compartment model as previously described [ 112 ]. TPL protein binding and PK 
were determined in a pediatric population ( N  = 24) age range from 5 months to 13 
years and compared to adult patients ( N  = 11) where each patient received a single 
thiopental bolus IV injection [ 113 ]. Protein binding (87 %) and Vd at steady state of 
TPL were similar between the pediatric and adult groups. Total TPL drug CL was 
signifi cantly greater in the pediatric patients than the adult patients (6.6 ± 2.2 mL/
min/kg versus 3.1 ± 0.5 mL/min/kg,  p  < 0.001). Elimination half-life was also sig-
nifi cantly longer in the pediatric group compared to the adult group (6.1 ± 3.3 h 
versus 12 ± 6 h,  p  < 0.005). The shorter elimination half-life in infants and children 
was solely due to the greater hepatic CL.  

 TPL was given to elderly women ( N  = 8) and elderly men ( N  = 8) age range from 
60 to 79 years and was described by a three-compartment model [ 114 ]. The TPL PK 
parameters volume of distribution, elimination half-life, and CL did not signifi -
cantly differ between the elderly women and men. When the elderly data was com-
pared to previous studies of young men and young women [ 112 ], both elderly 
populations had signifi cantly higher Vd than the young adult group ( p  < 0.05) and 
longer elimination half-lives (elderly women mean 990 min, range 616–2223; 
elderly men mean 791 min, range 440–1580). However, only CL was found to be 
signifi cantly greater in the elderly women (mean 0.19 L/min, range 0.137–0.269; 
 p  < 0.05) when compared to young adult women (mean 0.131 L/min, range 0.047–
0.209). Induction of sleep onset had lower TPL plasma concentrations in both 
elderly women and 3.9 % elderly men compared to young adult women and men but 
this fi nding was not statistically signifi cant. The average induction dose for TPL 
dose was signifi cantly lower for the elderly groups versus the young adult groups 
( p  < 0.05). Therefore, the elderly can have a longer TPL elimination half-life due to 
the volume of distribution but need lower drug doses which induce sleep at an 
 earlier time frame [ 115 ]. 

 TPL PK parameters were reported to be similar between patients with chronic 
renal failure ( N  = 7) and with age-matched normal patients undergoing surgery 
[ 116 ]. Intrinsic TPL CL was reported to be signifi cantly lower in patients undergo-
ing renal transplantation ( p  < 0.05) and higher protein binding (83 % versus 89 %, 
 p  < 0.05); however, the PD cardiovascular effects and cardiac output were 
unchanged for both groups [ 116 ]. Thiopental PK in patients with cirrhosis ( N  = 8) 
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was  compared to patients with normal hepatic and renal function undergoing elec-
tive or orthopedic surgery [ 117 ]. The TPL Vd was signifi cantly lower in patients 
with cirrhosis than normal patients (2.3 ± 0.5 L/kg versus 3.5 ± 1.9 L/kg,  p  < 0.05) 
although CL did not signifi cantly differ. Mean TPL protein binding in patients with 
cirrhosis was almost twice that of the normal patients (25.2 ± 3.9 % versus 
14.5 ± 3.4 %,  p  < 0.05) which can be explained by the lower serum albumin concen-
trations [ 117 ]. However, due to TPL’s low extraction ratio, dosing adjustments and 
PD effects are not clinically needed. Signifi cant differences were not found 
between patients with chronic alcoholism ( N  = 10) and normal control patients 
( N  = 9) when given TPL [ 118 ,  119 ].  

15.9     Conclusions 

 Anesthetic agents have specifi c PD functions to induce sleep, reduce pain, and 
maintain anesthesia. A single anesthetic drug does not fulfi ll all these requirements. 
Yet, the understanding of their PK and PD individually contributes to the overall 
anesthesia management of patients undergoing surgery. Without anesthetic drugs, 
medical treatments are signifi cantly impacted. Anesthetic agents have formed the 
basis of the two- and three-compartment PK models and integration with their PD 
effects has shaped the foundations for modeling central nervous system drugs.     
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    Chapter 16   
 Clinically Signifi cant Interactions 
with Antipsychotics                     

       Mong-Liang     Lu       and     Hsien-Yuan     Lane     

    Abstract     Second-generation antipsychotics (SGAs) have become the mainstay of 
treatment for patients with schizophrenia and bipolar disorder. The antipsychotic 
drugs are often prescribed with other medications to improve clinical effi cacy or 
treat comorbid diseases. Drug combinations can cause pharmacokinetic and/or 
pharmacodynamic drug-drug interactions. Pharmacokinetic interactions can occur 
during any pharmacokinetic phases, absorption, distribution, metabolism, or excre-
tion. Smoking, caffeine, and food might have infl uences on the pharmacokinetic 
profi les of SGAs. Pharmacodynamic drug-drug interactions occur when drugs act at 
the same or interrelated sites of action, resulting in additive, synergistic, or antago-
nistic effects of each drug. 

 Among the genes involved in pharmacokinetics, the members of cytochrome 
P450 family display large interindividual and interethnic variations in activity. 
Other enzyme systems such as UDP-glucuronosyltransferases also exhibit 
genetic polymorphism with potential clinical relevance in psychopharmacology. 
The demographic characteristics might also have impact on pharmacokinetic 
and/or pharmacodynamic profi les of SGAs. The potential pharmacokinetic inter-
actions would guide antipsychotic dosage adjustments. For antipsychotics, opti-
mal dose titration should be guided by measuring plasma concentrations. 
Therapeutic drug monitoring (TDM) is a valid tool for tailoring the dosage of 
antipsychotic drugs. Clinicians must have the knowledge of potential interac-
tions of SGAs and carefully monitor patients to minimize potentially adverse 
events and maximize therapeutic effi cacy.  
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   Patients with schizophrenia, bipolar disorder, or any other psychiatric diseases that 
require the use of antipsychotics will encounter the following situation. These psy-
chiatric diseases are chronic and require long-term medication to control psychopa-
thology. Sometimes, even lack of evidence-based data, the combination of 
antipsychotics and other psychotropic agents to treat psychiatric illness is common 
in clinical practice. Besides, these psychiatric patients who also suffer from medical 
diseases require the use of medication other than psychotropic agents. If these medi-
cations are combined, the potential of drug-drug interactions would increase and 
might lead to increased adverse reactions and/or effi cacy. It is estimated that one- 
fourth of patients with schizophrenia are exposed to potentially harmful drug-drug 
interactions [ 1 ]. Knowledge of drug-drug interactions, careful medication titration 
and patient monitoring, and individualized medication regimen are important to 
clinical outcomes. 

16.1     Pharmacokinetics and Pharmacodynamics of Drug- 
Drug Interactions 

 A drug interaction is a situation in which one drug affects the activity of another 
drug when both are administered together. Drug interactions can be classifi ed into 
two categories: pharmacokinetic interactions and pharmacodynamic interactions. 

 Pharmacokinetic interactions have consequences for the amount of the drug 
reaching the sites of action. They can occur during any pharmacokinetic phases, 
absorption, distribution, metabolism, or excretion. Pharmacodynamic interactions 
occur at the drug’s action sites and produce a change in the drug’s activity. This 
action can be synergistic (when the drug’s effect is increased) or antagonistic (when 
the drug’s effect is decreased) or a new effect can be produced that neither produces 
on its own.  

16.2     Pharmacokinetic Interactions 

 Modifi cations in the effect of a drug are caused by differences in the absorption, 
distribution, metabolism, or excretion of one or both of the drugs compared with the 
expected behavior of each drug when taken individually. These changes are basi-
cally modifi cations in the concentration of the drugs. 
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16.2.1     Absorption 

 Most antipsychotics are taken orally. Interactions during the absorption phase affect 
the infl ux of drugs from the gut into the bloodstream. Examples are changes in gas-
trointestinal pH or motility. Other examples are interactions at the levels of drug 
transporters. The availability of some antipsychotic drugs is limited by the action of 
drug effl ux transporters in the endothelial cells [ 2 ]. 

 The most important effl ux transporter is P-glycoprotein (P-gp). P-gp is an ade-
nosine triphosphate (ATP)-dependent effl ux transporter located mainly in the gas-
trointestinal tract and the blood-brain barrier [ 3 ]. P-gp is also known as ATP-binding 
cassette subfamily member B1 (ABCB1) and multidrug resistance protein 1 
(MDR1) [ 4 ]. Several SGAs, including amisulpride, aripiprazole, olanzapine, ris-
peridone, and paliperidone, are substrates for P-gp in therapeutic concentrations [ 5 ].  

16.2.2     Distribution 

 Antipsychotic drugs are highly lipophilic, resulting in high volume of distribution. 
Another factor affecting drug interactions is protein binding. When two or more 
drugs are coadministered, competition for the protein binding sites occurs. 
Coadministration of drugs can result in a highly bound drug displacing a weakly 
bound drug from its binding sites. Drugs bound to plasma proteins are not mem-
brane permeable and pharmacologically inactive. As free drug is a major determi-
nant of pharmacologic effects, these drug interactions could result in toxicity and/or 
enhanced effi cacy [ 6 ]. Since most SGAs are highly protein bound, coadministration 
with another medication could theoretically produce protein binding displacement 
interaction. However, changes in plasma protein binding have little clinical rele-
vance [ 7 ].  

16.2.3     Metabolism 

16.2.3.1     Phase I Metabolism: Modifi cation 

 In phase I metabolism, a variety of enzymes act to introduce reactive and polar 
groups into their substrates. Phase I metabolism involves oxidative, reductive, and 
hydrolytic processes. One of the most common modifi cations is hydroxylation 
catalyzed by cytochrome P450 (CYP) enzymes. Hepatic phase I metabolism, cata-
lyzed primarily by CYP enzymes, represents the major pathway of metabolism of 
SGAs. Most of the antipsychotic drugs are metabolized primarily by CYP enzymes. 
However, exceptions exist; for example, ziprasidone is metabolized primarily by 
the aldehyde oxidase pathway [ 8 ], and olanzapine is metabolized primarily by the 
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uridine diphosphate glucuronosyltransferase (UGT) pathway [ 9 ]. These two drugs 
are still metabolized by the CYP enzymes, but to a much lesser extent. Paliperidone 
is not metabolized extensively in the liver, and renal excretion is the major route of 
elimination. Biotransformation of paliperidone occurs through oxidative 
N-dealkylation, monohydroxylation, alcohol dehydrogenation, and benzisoxazole 
scission, the latter in combination with glucuronidation or alicyclic hydroxylation 
[ 10 ]. Each of these pathways accounts for up to a maximum of 6.5 % of the bio-
transformation of paliperidone dose. Because of this, paliperidone has demon-
strated minimal clinically signifi cant drug-drug interactions. Table  16.1  summaries 
the pharmacokinetic parameters of second-generation antipsychotics.

   Most signifi cant drug interactions with SGAs occur within the CYP system [ 16 , 
 17 ]. When two drugs that are metabolized by the same CYP enzyme system are given 
together, metabolic inhibition or metabolic induction can develop. These effects can 
be either reversible or irreversible, depending on the medication and the CYP enzyme 
involved. Knowledge of the properties of common CYP pathways can provide the 
cues to clinicians as to the likelihood of clinically signifi cant drug interactions. 

 Moreover, individual genetic variations in CYP enzymes also occur and must be 
considered when evaluating the potential drug-drug interactions. However, there 

   Table 16.1    Summary of the pharmacokinetic parameters of second-generation antipsychotics 
[ 11 – 16 ]   

 Drugs 
 Bioavailability 
(%) 

  T  max  
(h) 

 Half-
life 
(h) 

 Protein 
binding 
(%) 

 Primary 
metabolic 
pathways  Active metabolites 

 Aripiprazole  90  3–5  75  99  CYP3A4, 
CYP2D6 

 Dehydroaripiprazole 

 Asenapine  35  0.5–
1.5 

 24  95  CYP1A2, 
UGT1A4 

 – 

 Clozapine  50–60  2.5  6–30  95  CYP3A4, 
CYP1A2, 
CYP2C19 

 Norclozapine 

 Lurasidone  9–19  1–3  29–
37 

 99  CYP3A4  ID-14283 

 Olanzapine  93  6  33  93  CYP1A2, 
UGT1A4, 
FMO, 
CYP2D6 

 N-Desmethylolanzapine 

 Paliperidone  28  24  24  74  UGT  – 
 Risperidone  68  1  22  89  CYP2D6, 

CYP3A4 
 9-Hydroxyrisperidone 

 Quetiapine  83  1.5  6  83  CYP3A4, 
CYP2D6 

 Norquetiapine 

 Ziprasidone  99  4  4–10  99  Aldehyde 
oxidase, 
CYP3A4, 
CYP2D6 

 – 
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may be alternate CYP pathways that operate in antipsychotic drug elimination in 
certain individuals, particularly those with diminished metabolic capacity along the 
major CYP pathways [ 18 ].  

16.2.3.2     Phase II Metabolism: Conjugation 

 In phase II metabolism, xenobiotic metabolites are conjugated with charged spe-
cies. Products of conjugation reactions have increased molecular weight and tend to 
be less active than their substrates. Glucuronidation is the most common phase II 
metabolic pathway. UGT enzymes predominantly catalyze glucuronidation reac-
tions. UGT exists as a superfamily of 22 proteins, which are divided into 5 families 
and 6 subfamilies on the basis of sequence identity [ 19 ]. The genetic variation and 
environmental factors have infl uences on the UGT activity [ 19 ].   

16.2.4     Elimination 

 The major routes of excretion of antipsychotic agents are through urine and feces. 
Most of the antipsychotic agents undergo substantial metabolism prior to excretion, 
with one exception: paliperidone. Most of the agents undergo excretion primarily in 
the urine, with two exceptions: aripiprazole and ziprasidone. We divided the agents 
into one of three groups: (1) primarily excreted unchanged and primarily excreted 
in the urine (paliperidone), (2) primarily excreted changed and primarily excreted in 
the urine (clozapine, olanzapine, quetiapine, risperidone), and (3) primarily excreted 
changed and primarily excreted in the feces (aripiprazole, ziprasidone) [ 15 ]. Lower 
doses of antipsychotic agents are generally recommended in elderly patients due to 
decreased renal clearance.   

16.3     Protein Binding Interactions 

 Binding to plasma proteins plays a major role in drug therapy as this binding pro-
vides a depot for many compounds, affects the pharmacokinetics and pharmacody-
namics of drugs, and may infl uence the metabolic modifi cation of ligands. In 
general, antipsychotics are highly protein bound, with affi nity for α-1-acid glyco-
protein (AGP) and albumin. Decreased levels of these proteins will lead to decreased 
protein binding ability and a resultant increase in the percentage of free drug, which 
provide the potential of toxicity. When two drugs exist simultaneously in the 
plasma, competition for protein binding sites may occur. This may result in dis-
placement of a previously bound drug which, in the free state, becomes pharmaco-
logically active.  

16 Clinically Signifi cant Interactions with Antipsychotics



402

16.4     Smoking, Caffeine, Food, and Other Types 
of Interactions 

 Tobacco smoking is associated with induction of drug-metabolizing enzymes. 
Polycyclic aromatic hydrocarbons (PAHs) present in cigarette smoke induce hepatic 
aryl hydrocarbon hydroxylases, thereby increasing metabolic clearance of drugs 
that are substrates for these enzymes. PAHs have been shown to induce three hepatic 
CYP enzymes, primarily CYP1A1, CYP1A2, and CYP2E1 [ 20 ]. The most com-
mon effect of smoking on drug disposition in humans is an increase in biotransfor-
mation rate, consistent with induction of drug-metabolizing enzymes [ 21 ]. Smokers 
taking clozapine have up to 50 % lower plasma concentrations than nonsmokers. 
Smoking as few as 7–12 cigarettes daily may be suffi cient to cause the maximum 
enzyme induction [ 22 ]. Tobacco cessation can cause an increase in clozapine level, 
which might lead to adverse effects such as seizure and postural hypotension. 
Therefore, dosage reductions of 30–40 % are required to achieve pre-cessation con-
centrations [ 23 ]. Other antipsychotics affected include olanzapine (plasma levels 
may reduce up to 50 %) [ 24 ] and haloperidol (about 20 % reduction in plasma lev-
els) [ 25 ]. 

  Case Study 
 A 30-year-old schizophrenic male patient, a heavy smoker, was successfully treated 
with olanzapine 15 mg/d during hospitalization. His cigarette consumption increased 
rapidly from 0 to 12 cigarettes per day following his discharge. Two weeks later, his 
delusion of persecution, levels of hostility, and aggressive behavior worsened. The 
plasma levels of olanzapine during hospitalization and after hospitalization were 
52.1 ng/mL and 21.2 ng/mL, respectively. Based on our observations of this case, 
we suggest that the reduced levels of plasma olanzapine and exacerbated clinical 
symptoms are closely related to the increased consumption of cigarettes. A possible 
explanation would be that heavy smoking induced cytochrome P4501A2, the major 
enzyme involved in olanzapine metabolism.  

 Caffeine is metabolized by CYP1A2 and exhibits dose-dependent kinetics. 
Moreover, caffeine also acts as a competitive inhibitor of CYP1A2 and might con-
tribute to interindividual variability [ 26 ]. Caffeine in 400–1000 mg/day may signifi -
cantly inhibit the metabolism of clozapine, which is due to completion of the same 
enzymes [ 27 ]. Theoretically, olanzapine metabolism may also be affected by caf-
feine in the same way [ 28 ]. 

 Grapefruit juice can inhibit the activity of CYP3A4 in the intestine and in the 
liver and may elevate plasma levels of substrates for CYP3A4 [ 29 ]. Grapefruit juice 
increases the bioavailability of some orally administered drugs that are metabolized 
by CYP3A and normally undergo extensive presystemic extraction. With regard to 
this, plasma levels of clozapine and haloperidol were not affected by ingestion of 
grapefruit juice [ 30 – 32 ]. 

 Food intake exerts a complex infl uence on the bioavailability of drugs. The 
majority of clinically relevant food-drug interactions are caused by food-induced 
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changes in the bioavailability of the drug. It may interfere not only with tablet dis-
integration, drug dissolution, and drug transit through the gastrointestinal tract but 
may also affect the metabolic transformation of drugs in the gastrointestinal wall 
and in the liver [ 33 ]. Coadministration of food decreased the rate of clozapine 
absorption but had no effect on the extent of clozapine absorption [ 34 ]. The product 
labels of ziprasidone and lurasidone note that bioavailability is increased in the 
presence of food. Ziprasidone is recommended to be taken with a meal >500 kcal, 
irrespective of fat content [ 35 ,  36 ]. Low-calorie meals (250 kcal) resulted in 
60–90 % decrease in bioavailability and approached exposures seen under fasting 
conditions [ 35 ]. Lurasidone is recommended to be administered with at least 350 cal 
of food in order to optimize bioavailability [ 37 ].  

16.5     Pharmacodynamic Drug Interactions 

 Pharmacodynamic drug-drug interactions occur when drugs act at the same or inter-
related sites of action, resulting in additive, synergistic, or antagonistic effects of 
each drug. Pharmacodynamic interactions, which result in a potentiation of the 
pharmacologic effects at the receptor, can be clinically important. Some examples 
of psychiatric pharmacodynamic drug interactions are discussed below. 

16.5.1     Anticholinergic Intoxication 

 Dry mouth, blurred vision, constipation, urinary retention, disturbed accommoda-
tion, impaired cognition, delirium, and seizure are clinical consequences of block-
ade of acetylcholine M1 receptors. There are a number of psychotropic drugs 
exhibiting anticholinergic activity [ 38 ]. Among antipsychotics, marked anticholin-
ergic activity was found for clozapine and thioridazine, followed by chlorproma-
zine, olanzapine, and quetiapine [ 38 ]. With regard to anticholinergic drug 
interactions, one should avoid combination of an antipsychotic and another drug 
when both exhibit anticholinergic activity.  

16.5.2     QTc Prolongation and Torsades de Pointes (TdP) 

 A pharmacodynamic drug interaction may be the result of combining two or more 
drugs with established risk of prolongation of QTc interval, e.g., thioridazine, halo-
peridol, or ziprasidone, placing the patient at a greater risk for adverse effects. QT 
interval prolongation of at least 500 milliseconds (ms) generally has been shown to 
correlate with an increased risk of TdP. QTc interval prolongation indicates pro-
longed ventricular repolarization, mostly under high levels of the drug. The 
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prolonged repolarization results from the decrease in repolarizing current by 
increased inward current or decreased outward current [ 39 ]. This current is gener-
ated by potassium fl ow through the hERG ion channel which is susceptible to be 
blocked by various drugs [ 40 ]. Since drug-induced QTc prolongation seems to be 
concentration dependent [ 41 ], pharmacokinetic interactions may also play an 
important role in the pathogenesis of QTc prolongation.  

16.5.3     Blood Dyscrasias 

 Almost all classes of psychotropic agents have been reported to cause blood dyscra-
sias. Leukopenia, neutropenia, thrombocytopenia, eosinophilia, anemia, agranulo-
cytosis, and altered platelet function are some of the hematologic side effects that 
may be encountered with psychiatric medication therapy. Clozapine is well known 
as a drug that causes dyscrasias; however, many other agents, including olanzapine, 
antidepressants, anticonvulsants (e.g., divalproex, carbamazepine), and other atypi-
cal antipsychotics, can cause similar problems [ 42 ].  

16.5.4     Metabolic Disturbance 

 Weight gain and metabolic dysfunction is a severe health burden of antipsychotic 
drugs [ 43 ]. The low-potency FGAs, such as chlorpromazine and thioridazine, are 
associated with a higher potential for weight gain than are the high-potency FGAs, 
such as haloperidol and fl uphenazine [ 44 ]. SGAs carry different risks of causing 
weight gain and metabolic dysregulation: clozapine and olanzapine have the highest 
risk; quetiapine and risperidone a moderate risk; and aripiprazole, amisulpride, and 
ziprasidone the lowest risks [ 44 ,  45 ]. The affi nities of antipsychotic drugs for H1, 
5-HT2C, M3, 5-HT1A, D2, and adrenergic receptors might be implicated in caus-
ing metabolic abnormalities [ 43 ]. Several cross-sectional studies revealed that anti-
psychotic polypharmacy increases the risk of metabolic abnormalities [ 46 ,  47 ]. 
However, adjunctive aripiprazole may counteract antipsychotic-induced weight 
gain and metabolic adverse effects in schizophrenia [ 48 ,  49 ].   

16.6     Clinical Signifi cance of PK and PD Interactions (Case 
Study) 

16.6.1     Incorporate Genetic Polymorphisms 

 Among the genes involved in pharmacokinetics, the members of CYP family dis-
play large interindividual and interethnic variation in activity [ 50 ]. The US Food 
and Drug Administration issues the Table of Pharmacogenomic Markers in Drug 
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Labeling that contains around 150 drugs (27 of which are agents with a primary 
indication in psychiatry), half of them CYP-dependent drugs (  http://www.fda.gov/
drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm    ). Of the 
32 neuropsychiatric drugs listed, 27 (84 %) have CYP2D6 metabolizer status listed 
as an important biomarker, 3 (9 %) identify CYP2C19 metabolizer status as an 
important biomarker, and 3 (9 %) pertain to other genetic markers (e.g., major his-
tocompatibility complex human leukocyte antigen [HLA] allele HLA-B*1502 and 
HLA-A*3101 for carbamazepine and HLA-B*1502 for phenytoin). The presence 
of polymorphic alleles for CYP may result in lack of expression, altered levels of 
expression, or altered function of CYP450 isoenzymes [ 51 ]. Such genetic variations 
affecting metabolism may lead to alterations in the bioavailability of certain anti-
psychotics, resulting in loss of effi cacy (decreased plasma levels) or increased toxic-
ity (elevated plasma levels). 

 Other enzyme systems such as UDP-glucuronosyltransferases also exhibit 
genetic polymorphism, and their effects of potential clinical relevance in psycho-
pharmacology are also recognized [ 52 ]. Lower plasma olanzapine concentrations in 
heterozygous carriers of UGT1A4*3 were reported in a study in Caucasians [ 53 ]. In 
contrast with these data originating from studies in Caucasians, a study performed 
in a Japanese population failed to detect any infl uence of the UGT1A4*3 allele on 
plasma olanzapine levels in patients with schizophrenia [ 54 ]. The UGT1A1*28 and 
UGT1A4*3 alleles contribute signifi cantly to the variability in clozapine metabo-
lism [ 55 ]. 

 Pharmacogenetic testing of drug metabolism consists of two approaches [ 56 ]. 
Biochemical tests are used to evaluate the rate of metabolism by a patient after he or 
she takes a probe drug, which is a well-characterized target of a recognized meta-
bolic pathway. The excretion of the parent drug and its metabolite is measured at 
regular intervals and a rate of metabolism calculated. The result is often referred to 
as an individual’s phenotype, although the use of the term to describe functional 
aspects of drug metabolism differs from its meaning in genetics. For example, caf-
feine has been shown to provide an accurate phenotypic probe for measuring 
CYP1A2 activity [ 57 ,  58 ]. The other approach is the use of molecular genetic test-
ing to characterize the alleles of a patient’s gene related to metabolic enzymes, the 
drug target, or receptors. The genes of interest often have a number of alleles, and 
polymorphisms present in these alleles may result in lack of expression, altered 
levels of expression, or altered function [ 51 ]. The multiallelic nature of CYP450 
enzyme genetics can result in various phenotypes. These polymorphisms refl ect 
gene insertions and deletions, gene duplications, copy number variations, and single 
nucleotide polymorphisms (SNPs). The resulting phenotypes associated with these 
genetic variants are usually classifi ed as one of four groups: poor metabolizers 
(PMs), intermediate metabolizers (IMs), extensive metabolizers (EMs), and ultrar-
apid metabolizers (UMs). 

 Association of an enzyme with metabolism of a drug is necessary but not suffi -
cient justifi cation for pharmacogenetic testing, as many drugs may be metabolized 
by alternative pathways. Further, pharmacogenetic results should be interpreted with 
caution. Other factors will also infl uence effi cacy and toxicity of antipsychotic 
agents, such as comorbidities, adherence, body weight, and smoking [ 59 ]. In addition 
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to pharmacogenetic considerations, CYP isoenzymes can be induced and inhibited 
by certain drugs, which can substantially alter metabolism of other drugs through 
drug-drug interactions. 

 There are wide interindividual variations (40- to 130-fold) in CYP1A2 expres-
sion and activity [ 60 ]. There is also marked racial difference in CYP1A2 activity. 
A higher CYP1A2 activity has been found in Caucasians, compared to Asian and 
African populations [ 61 ]. It is estimated that about 72.5 % of interindividual differ-
ence in CYP1A2 activity is due to genetic factors [ 62 ]. To date, more than 40 variant 
alleles of CYP1A2 gene (  http://www.cypalleles.ki.se/cyp1a2.htm    ) and 493 SNPs in 
CYP1A2 upstream sequence, introns, and exons (  http://www.ncbi.nlm.nih.gov/snp    ) 
have been found.  CYP1A2*1A  is referred to as the wild type. The CYP1A2*1C 
allele is associated with decreased inducibility and occurs in 21–27 % of Asians, 
7 % of Africans, and 1–4 % of Caucasians [ 63 ]. In addition, CYP1A2*1F polymor-
phism may contribute to the risk of developing prolonged QT interval in patients 
who are treated with chlorpromazine equivalent doses of above 300 mg/day [ 64 ]. 

 The CYP2C9 gene is mapped to the long arm of chromosome 10, located in a 
densely packed region also containing genes encoding CYP2C8, CYP2C18, and 
CYP2C19 [ 65 ]. CYP2C9 is one of the most abundant CYP enzymes in the human 
liver (about 20 % of hepatic total CYP content), where it metabolizes approximately 
15 % of clinical drugs [ 66 ]. To date, more than 67 variant alleles of CYP2C9 gene 
(  http://www.cypalleles.ki.se/cyp2c9.htm    ) and 2672 SNPs in CYP2C9 upstream 
sequence, introns, and exons (  http://www.ncbi.nlm.nih.gov/snp    ) have been identi-
fi ed. CYP2C9*1A is referred to the wild type. There are signifi cant ethnic differ-
ences in the frequency of CYP2C9 variants. 

 The CYP2C19 gene is mapped to the long arm of chromosome 10, located in a 
densely packed region also containing genes encoding CYP2C8, CYP2C9, and 
CYP2C18 [ 65 ]. CYP2C19 is primarily present in hepatic tissue, but a signifi cant 
amount is also found in the gut wall, particularly the duodenum [ 67 ]. CYP2C19 is 
responsible for the metabolism of approximately 10 % of commonly used drugs 
[ 68 ]. To date, more than 46 variant alleles of CYP2C19 gene (  http://www.cypal-
leles.ki.se/cyp2c19.htm    ) and 4854 SNPs in CYP2C19 upstream sequence, introns, 
and exons (  http://www.ncbi.nlm.nih.gov/snp    ) have been identifi ed. CYP2C19*1A 
is referred to the wild type. The distribution of common variant alleles of CYP2C19 
has been found to vary among different ethnic groups. The allelic frequency of 
CYP2C19*2 has been shown to be 7 % in African-Americans, 30 % in Chinese, and 
15 % in Caucasians [ 69 ]. CYP2C19*3 has been shown to be more frequent in the 
Chinese (5 %) and less frequent in African-Americans (0.4 %) and Caucasians 
(0.04 %) [ 70 ]. These two alleles account for almost all PMs in Asian and Black 
African populations. 

 The CYP2D6 gene is mapped to chromosome 22q13.1. CYP2D6 accounts for 
only a small percentage of all hepatic CYPs (<2 %); however, it metabolizes 25 % of 
all medications in the human liver [ 71 ]. The primarily hepatic expression of CYP2D6 
governs fi rst-pass metabolism after oral drug administration, whereas the low level 
of its intestinal expression does not appear to be important. CYP2D6 is important for 
the metabolism of many drugs, including antipsychotics and antidepressants. Unlike 
other CYPs, CYP2D6 is not inducible, and thus genetic mutations are largely 
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 responsible for the interindividual variation in enzyme expression and activity. To 
date, more than 151 variant alleles of CYP2D6 gene (  http://www.cypalleles.ki.se/
cyp2d6.htm    ) and 443 SNPs in CYP2D6 upstream sequence, introns, and exons 
(  http://www.ncbi.nlm.nih.gov/snp    ) have been found. CYP2D6*1 is referred to as the 
wild type. Race-ethnicity is an important factor that may infl uence drug response 
through gene variants. Signifi cantly decreased capacity to metabolize CYP2D6 sub-
strates occurs in about 8 % of Caucasians, 3–8 % of blacks and African-Americans, 
and 6 % of Asians [ 72 ]. The CYP2D6 UM phenotype has been observed in 1–10 % 
of Caucasians, 0–2 % of East Asians, 2 % of blacks and African- Americans, and 
10–29 % of North Africans/Middle Easterners and 1 % of Mexicans [ 51 ]. 

 CYP3A4 has the highest abundance in the human liver (40 %) and metabolizes 
more than 50 % of clinical drugs [ 73 ]. CYP3A4 gene is located on chromosome 
7q22.1. To date, more than 45 variant alleles of CYP3A4 gene (  http://www.cypal-
leles.ki.se/cyp3a4.htm    ) and 1176 SNPs in CYP3A4 upstream sequence, introns, 
and exons (  http://www.ncbi.nlm.nih.gov/snp    ) have been identifi ed. CYP3A4*1A is 
referred to as the wild type. The CYP3A4*20 polymorphism, which results in a 
premature stop codon and lack of enzyme activity, is prevalent in 26 % of African- 
Americans, 22 % of Asians, and 6 % of Caucasians [ 63 ]. 

 Of the 32 neuropsychiatric drugs listed in FDA-approved pharmacogenomic bio-
markers in drug labeling, 10 have information related to dosing, precautions, or 
warnings (  http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacoge-
netics/ucm083378.htm    ). Dosage changes for known poor metabolizers of CYP2D6 
or CYP2C19 are outlined for aripiprazole, atomoxetine, citalopram, clobazam, ilo-
peridone, pimozide, and tetrabenazine. 

  Case Study 
 Mr. A was a 31-year-old man with the diagnosis of chronic schizophrenia. He 
smoked regularly (12 cigarettes/day). A review of medical records indicated that the 
patient had shown an incomplete response to trials of at least 6 weeks with the anti-
psychotics haloperidol (20 mg/day), sulpiride (1000 mg/day), and risperidone (6 mg/
day). The antipsychotic drug was then switched to clozapine, and the dose was grad-
ually increased up to 850 mg/day with no signifi cant side effects. However, despite 
the high clozapine dose and established compliance, plasma clozapine concentration 
(220 ng/ml) remained below the minimum therapeutic concentration threshold 
(350 ng/ml). The caffeine metabolic ratio, an in vivo CYP1A2 activity probe, was 
17.8 which revealed ultrarapid metabolizing activity. Genotyping result showed that 
the patient was homozygous for the  CYP1A2*1F  allele. After two weeks of concur-
rent treatment with fl uvoxamine 50 mg/day, the caffeine metabolic ratio decreased to 
9.2 and plasma clozapine level increased to 510 ng/ml. The Positive and Negative 
Syndrome Scale (PANSS) scores also decreased from 87 to 65. This prospective case 
study suggests that ultrarapid CYP1A2 activity may delay therapeutic response to 
clozapine on conventional dose titration regimens. It appears to be worthwhile to 
evaluate the CYP1A2 phenotype using caffeine metabolism or, alternatively, geno-
type for CYP1A2*1F in smokers, to ascertain the pharmacokinetic basis of treat-
ment resistance to clozapine. Concurrent administration of fl uvoxamine and 
clozapine may increase plasma clozapine level signifi cantly.  
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16.6.1.1     Aripiprazole 

 Aripiprazole is metabolized by CYP2D6 and CYP3A4 to its active metabolite dehy-
droaripiprazole [ 74 ]. The mean concentration/dose ratios of aripiprazole and the 
sum of aripiprazole and dehydroaripiprazole were signifi cantly higher in patients 
with mutated alleles for CYP2D6 than in those without mutated alleles [ 75 – 77 ]. It 
is recommended that CYP2D6 PMs typically need 30–40 % lower doses of aripip-
razole to achieve a similar steady-state serum concentration as EMs [ 78 ]. A study of 
89 psychiatric patients in Japanese patients with schizophrenia prospectively evalu-
ated the concentration/dose ratios of aripiprazole and dehydroaripiprazole in those 
with CYP2D6 wild type or CYP2D6*10 alleles [ 75 ]. These data demonstrate that 
the CYP2D6*10 alleles may lead to signifi cantly elevated levels of aripiprazole and 
dehydroaripiprazole in Asian patients.  

16.6.1.2     Asenapine 

 Asenapine has multiple inactive metabolites, produced via direct glucuronidation 
(primarily via UGT1A4), demethylation, and oxidative metabolism (primarily via 
CYP1A2) [ 11 ]. Notably, asenapine is an inhibitor of CYP2D6. Caution is required 
when coadministering asenapine with drugs that are substrates of CYP2D6 [ 11 ].  

16.6.1.3     Clozapine 

 Clozapine is metabolized via the hepatic microsomal enzyme system into two prin-
ciple metabolites: N-desmethylclozapine and clozapine N-oxide [ 79 ]. 
N-Desmethylclozapine is catalyzed by CYP1A2, CYP3A4, CYP2C9, and 
CYP2C19, and clozapine N-oxide is catalyzed by CYP2D6, CYP3A4, CYP1A2, 
and fl avin-containing monooxygenase 3 (FMO3) [ 80 ]. The contribution of CYP1A2, 
CYP2C19, CYP3A4, CYP2C9, and CYP2D6 is estimated to amount to 30 %, 24 %, 
22 %, 12 %, and 6 %, respectively, with regard to the N-demethylation of clozapine 
[ 81 ]. Resistance to clozapine treatment due to low plasma drug levels has been 
reported in smokers with CYP1A2*1F (−163C > A) genotype [ 82 ,  83 ]. CYP1A2 
variants CYP1A2*1C and CYP1A2*1D, suggested to cause low enzyme activity, 
seem to be associated with higher serum clozapine concentrations and an increased 
risk of developing insulin and lipid elevations and insulin resistance [ 84 ].  

16.6.1.4     Lurasidone 

 Lurasidone is metabolized predominantly by CYP3A4, yielding two nonmajor, 
active metabolites (ID-14283 and ID-14326) and two major, nonactive metabolites 
(ID-20219 and ID-20220) [ 85 ]. Till now, there are no published cases or studies 
evaluating lurasidone in healthy persons or patients with CYP3A4 variants.  
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16.6.1.5     Olanzapine 

 Olanzapine is metabolized to its 10- and 4′-N-glucuronides, 4′-N-desmethylolanzapine 
(CYP1A2), and olanzapine N-oxide (FMO3). The 10-N-glucuronide is the most 
abundant metabolite, but formation of 4′-N-desmethylolanzapine is correlated with 
the clearance of olanzapine [ 86 ]. Studies of patients with schizophrenia reported no 
signifi cant correlation between CYP2D6 polymorphisms and plasma olanzapine 
levels [ 54 ,  87 ]. Moreover, The CYP1A2*1D and CYP1A2*1F polymorphisms 
might also have a signifi cant impact on olanzapine serum concentrations [ 88 ,  89 ]. 
Patients with the CYP3A43 AA genotype (rs472660) have high clearance of olan-
zapine, subtherapeutic blood levels, and more psychotic symptoms and were more 
likely to discontinue treatment [ 90 ].  

16.6.1.6     Paliperidone 

 Paliperidone is the active metabolite of risperidone (9-OH-risperidone), and renal 
excretion is the major route of elimination [ 91 ]. Therefore, paliperidone is a useful 
alternative for patients that have moderate to severe hepatic impairment or are tak-
ing medications that inhibit hepatic metabolism.  

16.6.1.7     Quetiapine 

 Quetiapine is predominantly metabolized by CYP3A4 and results in four metabo-
lites: 7-hydroxyl, sulfoxide, N-desalkyl, and O-desalkyl products [ 92 ]. CYP2D6 is 
involved in the 7-hydroxylation of quetiapine. Quetiapine has no effect on the 
in vitro activity of CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 at clini-
cally relevant concentrations [ 93 ]. Carriers of the CYP3A4*22 allele had 2.5-fold 
higher serum levels of quetiapine than did wild-type patients [ 94 ].  

16.6.1.8     Risperidone 

 Risperidone is metabolized by CYP2D6 to 9-OH-risperidone (paliperidone) [ 95 ]. 
The risperidone/9-OH-risperidone ratio was strongly associated with the CYP2D6 
genotype [ 96 ,  97 ]. Currently there is insuffi cient data to allow estimation of dose 
adjustment for PMs, IMs, or UMs receiving risperidone.  

16.6.1.9     Ziprasidone 

 Ziprasidone is extensively metabolized in the liver by aldehyde oxidase and 
CYP3A4 [ 98 ]. Approximately two-thirds of the initial metabolism of ziprasidone 
results from generation of S-methyldihydroziprasidone by aldehyde oxidase, and 
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one-third results in ziprasidone sulfoxide. These metabolites undergo further degra-
dation by CYP3A4. Till now, there are no published cases or studies evaluating 
ziprasidone in healthy persons or patients with CYP genetic variants.   

16.6.2     Dosage Adjustments: Regulatory Package Insert 

16.6.2.1     Aripiprazole 

 Aripiprazole is metabolized by multiple pathways involving the CYP2D6 and 
CYP3A4 enzymes, but not CYP1A enzymes. Thus, no dosage adjustment is required 
for smokers. After oral administration of aripiprazole to healthy subjects, a strong 
inhibitor of CYP2D6 (quinidine) increased aripiprazole AUC by 107 %, while Cmax 
was unchanged. The AUC and Cmax of dehydroaripiprazole, the active metabolite, 
decreased by 32 % and 47 %, respectively. After oral administration of aripiprazole 
to healthy subjects, a strong inhibitor of CYP3A4 (ketoconazole) increased aripipra-
zole AUC and Cmax by 63 % and 37 %, respectively. The AUC and Cmax of dehy-
droaripiprazole increased by 77 % and 43 %, respectively. After oral administration 
of aripiprazole to healthy subjects, following concomitant administration of carbam-
azepine, an inducer of CYP3A4, the geometric means of Cmax and AUC for aripip-
razole were 68 % and 73 % lower, respectively, compared to when oral aripiprazole 
(30 mg) was administered alone. Similarly, for dehydroaripiprazole the geometric 
means of Cmax and AUC after carbamazepine coadministration were 69 % and 71 % 
lower, respectively, than those following treatment with oral aripiprazole alone. No 
dosage adjustment of aripiprazole is recommended for elderly patients, patients with 
renal impairment, gender, race, or smoking status (aripiprazole package insert).  

16.6.2.2    Asenapine 

 The risks of using asenapine in combination with other drugs have not been extensively 
evaluated. Two notable drug-drug interactions are evident: asenapine (an inhibitor of 
CYP2D6) can increase plasma levels of paroxetine, and fl uvoxamine (a CYP1A2 inhib-
itor) can increase plasma levels of asenapine [ 11 ]. Coadministration of a single 20 mg 
dose of paroxetine (a CYP2D6 substrate and inhibitor) during treatment with 5 mg ase-
napine twice daily in healthy male subjects resulted in an almost twofold increase in 
paroxetine exposure. The therapeutic dose of fl uvoxamine would be expected to cause 
a greater increase in asenapine plasma concentrations (asenapine package insert).  

16.6.2.3    Clozapine 

 Clozapine is a substrate for many CYP isoenzymes, in particular 1A2 and 3A4. 
Caution is called for in patients receiving concomitant treatment with other drugs 
which are either inhibitors or inducers of these enzymes. Elevated serum levels of 
clozapine have been reported in patients receiving the drug in combination with 
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fl uoxetine, paroxetine, sertraline (up to twofold), or fl uvoxamine (up to tenfold). 
Concomitant administration of inducers of CYP3A4 (e.g., phenytoin, carbamaze-
pine, rifampicin, St John’s wort) may reduce the plasma levels of clozapine. 
Concomitant administration of highly protein-bound drugs, such as warfarin and 
digoxin, may lead to adverse effects as a result of changes in plasma levels of clo-
zapine due to competition for protein binding sites. Tobacco smoke, a known 
inducer of CYP450 1A2, may decrease the plasma levels of clozapine. In cases of 
sudden cessation of tobacco smoking, the plasma clozapine concentration may be 
increased, thus leading to an increase in adverse effects (clozapine package insert).  

16.6.2.4    Lurasidone 

 Lurasidone is contraindicated with strong CYP3A4 inhibitors (e.g., ketoconazole) 
and strong CYP3A4 inducers. Lurasidone should be started at a dose of 20 mg/day, 
and the dose should not exceed 40 mg/day if coadministered with moderate CYP3A4 
inhibitors. Grapefruit, grapefruit juice, and products containing grapefruit extract 
should be avoided during treatment with lurasidone because of the potential to 
inhibit CYP3A4. Lurasidone should be administered with food (at least 350 calories 
independent of fat content). The Cmax of lurasidone is increased approximately 
threefold, and the AUC is increased approximately twofold in the presence of food. 
Dosage adjustments are not recommended on the basis of age, gender, smoking 
status, and race. Dose adjustment is recommended in moderate and severe hepatic 
and renal impairment patients (lurasidone package insert).  

16.6.2.5    Olanzapine 

 Inducers of CYP1A2, including tobacco smoke and carbamazepine, decrease olan-
zapine concentrations [ 86 ]. Carbamazepine therapy (200 mg bid) causes an approxi-
mately 50 % increase in the clearance of olanzapine [ 99 ]. Fluvoxamine, a CYP1A2 
inhibitor, decreases the clearance of olanzapine. An elderly, nonsmoking woman pre-
scribed fl uvoxamine comedication is estimated to reach a 4.6-fold higher olanzapine 
concentration than a young male smoker coadministered with carbamazepine [ 100 ].  

16.6.2.6    Paliperidone 

 Paliperidone is not expected to cause clinically important pharmacokinetic interac-
tions with drugs that are metabolized by cytochrome P450 isozymes. On initiation 
of strong inducers of both CYP3A4 and P-gp (e.g., carbamazepine, rifampin, or St 
John’s wort), it may be necessary to increase the dose of paliperidone. No dose 
adjustment is required in patients with mild or moderate hepatic impairment. 
Paliperidone has not been studied in patients with severe hepatic impairment. Use 
of paliperidone is not recommended in patients with moderate or severe renal 
impairment (creatinine clearance < 50 mL/min). Dose reduction is recommended 
for patients with mild renal impairment (creatinine clearance ≥ 50 mL/min 

16 Clinically Signifi cant Interactions with Antipsychotics



412

to < 80 mL/min). Because elderly patients are more likely to have decreased renal 
function, adjust dose based on renal function (paliperidone package insert).  

16.6.2.7    Risperidone 

 Carbamazepine and other CYP3A4 inducers decrease plasma concentrations of ris-
peridone. Increase the risperidone dose up to twofold of the patient’s usual dose. 
Dose adjustment is not recommended for risperidone during coadministration of 
CYP3A4 inhibitors (e.g., ranitidine, cimetidine, erythromycin). The dose of risperi-
done should be adjusted when used in combination with CYP2D6 inhibitors and 
enzyme inducers. Fluoxetine, paroxetine, and other CYP2D6 enzyme inhibitors 
increase plasma concentrations of risperidone [ 101 ]. Reduce the initial dose of ris-
peridone. Chronic administration of clozapine with risperidone may decrease the 
clearance of risperidone (risperidone package insert).  

16.6.2.8    Quetiapine 

 Coadministration of strong CYP3A4 inhibitors (e.g., ketoconazole, ritonavir) is 
suggested to reduce quetiapine dose to one-sixth of original dose. Concomitant use 
of strong CYP3A4 inducers (e.g., carbamazepine, phenytoin, rifampin) should 
increase quetiapine dose up to fi vefold. When CYP3A4 inducer is discontinued, the 
quetiapine dose should be reduced to the original level within 7–14 days (quetiapine 
fumarate package insert) [ 102 ].  

16.6.2.9    Ziprasidone 

 Coadministration of carbamazepine 200 mg twice daily resulted in a decrease of 
approximately 36 % in the AUC of ziprasidone [ 103 ]. This effect may be greater 
when higher doses of carbamazepine are administered. Ketoconazole, a potent 
inhibitor of CYP3A4, at a dose of 400 mg QD for 5 days, increased the AUC and 
Cmax of ziprasidone by about 35–40 % [ 104 ]. The absorption of ziprasidone is 
increased up to twofold in the presence of food. Dosage modifi cations for age, 
smoking status, or gender are not recommended. 

 The AUC increased by 26 % in the cirrhotic group compared with the matched 
control group [ 105 ].   

16.6.3     Monitoring Recommendations and Patient Safety 

 In psychopharmacology, treatment with antipsychotic drugs is often suboptimal, 
mainly because of the high interindividual variability in pharmacokinetic 
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properties. Differences in absorption, distribution, metabolism, and excretion of 
drugs due to age, diseases, concomitant medication, or genetic peculiarities can 
result in no or poor response to treatment or can cause serious adverse effects and 
toxicity [ 106 ]. For antipsychotics, optimal dose titration should be guided by mea-
suring plasma concentrations. Therapeutic drug monitoring (TDM) is a valid tool 
for tailoring the dosage of antipsychotic drugs [ 107 ]. In case of pharmacokinetic 
interactions, the plasma levels of the affected drug will change. Combination treat-
ment with a drug known for its interaction potential is the indication for TDM. In 
elderly patients, TDM is particularly recommended; these patients with reduced 
elimination capacity and receiving several kinds of medications may have a higher 
risk of developing side effects. 

 When using TDM to guide antipsychotic therapy, it is assumed that there is a 
relationship between plasma concentrations and clinical effects. It is also assumed 
that there is a plasma concentration range of the drug which is associated with maxi-
mal effectiveness and safety, the “therapeutic window.” For many antipsychotic 
agents, the therapeutic reference range is not merely based on pharmacokinetic and 
pharmacodynamic studies but also on in vivo receptor binding studies using  imaging 
techniques [ 108 ,  109 ]. Positron emission tomography (PET) of molecular drug tar-
gets in the brain shows the associations between brain target occupancy, plasma 
concentrations, and clinical effects and adverse reactions [ 108 ].  

16.6.4     Special Populations 

 Determining the appropriate dosage of antipsychotic drug requires the integration 
of several factors, including potential drug-drug interactions. Moreover, physicians 
should take into account certain factors inherent to the patients. For example, elder 
people tend to metabolize drugs slower than younger people and women slower 
than men. Comorbid medical conditions which impair hepatic function, such as cir-
rhosis, would decrease the rate of drug metabolism. Further, cytochrome P450 
enzymes are polymorphic, and ethnic differences exist that infl uence the metabo-
lism of drugs. For example, about 5–10 % of Caucasians are poor metabolizers of 
CYP2D6, while about 20 % of Chinese and Japanese are poor metabolizers of 
CYP2C19 [ 110 ]. 

16.6.4.1    Elderly Patients 

 Aging is characterized by progressive impairment of functional capacities of all 
system organs, reduction in homeostatic mechanisms, and altered response to recep-
tor stimulation. These age-related physiologic changes infl uence both the pharma-
cokinetics and pharmacodynamics of drugs in elderly patients. Pharmacokinetic 
and pharmacodynamic changes as well as polypharmacy and comorbidities may 
alter signifi cantly the effect of medication with advancing age [ 111 ]. Hepatic 
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clearance can be reduced by up to 30 %. Among these, phase I metabolism is more 
likely to be impaired than phase II metabolism. However, there are no age-related 
changes in the CYP activities. Elderly patients with dementia are frequently treated 
with antipsychotic drugs to control behavioral and psychological symptoms of 
dementia (BPSD). The use of fi rst-generation antipsychotics (FGAs) in the elderly 
patients is strongly limited by severe and intolerable side effects [ 112 ]. SGAs show 
an effi cacy superior to placebo in randomized studies in BPSD treatment, with a 
better tolerability profi le versus FGAs [ 113 ]. For this population, the appropriate 
dose of antipsychotics should be lower than the young population. However, in 
recent years, the use of antipsychotics has been widely debated for concerns about 
safety in elderly patients affected with dementia and the possible risks for stroke 
and sudden death [ 114 ,  115 ]. Drug regulatory agencies issued specifi c recommen-
dations for underlining that treatment of BPSD with antipsychotics is “off-label.” In 
fact, elderly patients are at increased risk of adverse events due to atypical antipsy-
chotic drugs because of age-related changes in pharmacokinetics and pharmacody-
namics and current medical conditions, polypharmacy, and potential drug 
interactions. US Food and Drug Administration black box warnings have clearly 
shown the potential risks of their use (e.g., cerebrovascular accidents, risk of sudden 
death). Before prescribing an antipsychotic drug, the following factors should be 
seriously considered: the presence of cardiovascular diseases, QTc interval on elec-
trocardiogram, electrolytic imbalances, familiar history for torsades de pointes, 
concomitant treatments, and use of drugs able to lengthen QTc [ 113 ].  

16.6.4.2    Children and Adolescents 

 Antipsychotic drugs are used for the treatment of various psychiatric disorders in 
children and adolescents, including psychosis, physical aggression, mania, irritable 
mood, and Tourette’s disorder [ 116 ]. In the last two decades, there has been a gen-
eral increase in psychotropic drug prescribing in children and adolescent in many 
countries [ 117 ]. Much of the information about the effi cacy and safety of antipsy-
chotics in this population is extrapolated from adult studies; in particular, little is 
known about the long-term effects of these drugs on the development of the central 
nervous system. Children appear to be at higher risk than adults for a number of 
adverse effects, such as extrapyramidal symptoms and metabolic and endocrine 
abnormalities [ 118 ].  

16.6.4.3    Pregnancy and Breast-Feeding 

 Pharmacotherapy during pregnancy is often complicated by pregnancy-related 
pharmacokinetic changes and the need for dose adjustments. Pregnancy-associated 
changes in absorption, distribution, metabolism, and excretion may result in 
decreased drug concentrations and possible treatment effects, particularly in late 
pregnancy. Mechanisms include changes in gastrointestinal motility and pH 
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impacting absorption, expansion of total body water and plasma volume, decreased 
concentrations of drug binding proteins affecting distribution, changes in drug 
metabolism rates by cytochrome P450 (CYP) and other metabolizing and trans-
port enzymes, and changes in hepatic and renal blood fl ow and increased glo-
merular fi ltration rate affecting urinary excretion [ 119 ,  120 ]. The activities of 
CYP isoenzymes CYP3A4, CYP2D6, and CYP2C9 and uridine 5′-diphosphate 
glucuronosyltransferase are increased during pregnancy, whereas activities of 
CYP1A2 and CYP2C19 are decreased [ 121 ]. These various changes fl uctuate 
according to different patterns throughout the time frame of pregnancy. These 
physiologic changes may have additive, synergistic, or competing effects on over-
all drug exposure. 

 However, a number of methodological and ethical challenges arise when wishing 
to conduct research on antipsychotic medication during pregnancy. Information 
about the effects of antipsychotics in pregnancy usually comes from nonrandom-
ized, prospective, and observational studies and, more often, single case reports or 
small case series studies [ 122 ,  123 ]. When investigated collectively, antipsychotic 
medications have been associated with a statistically signifi cant increase in the risk 
of birth defects as a whole [ 124 ]. However, most SGAs appear to increase risk of 
gestational metabolic complications and babies large for gestational age and with 
mean birth weight signifi cantly heavier as compared with those exposed to FGAs 
[ 123 ]. Given the lack of data regarding longer term outcomes for children exposed 
to antipsychotic medication in pregnancy, ensuring there is appropriate ongoing 
monitoring of infant and child development is optimal [ 125 ]. 

 The passage of a drug into breast milk is infl uenced by many factors including its 
volume of distribution, molecular weight, lipid/water solubility, relative affi nity for 
plasma and milk proteins, the pH of blood and milk, and blood fl ow to the breast 
[ 126 ]. The safety of SGAs remains to be established and none are currently recom-
mended during lactation. Olanzapine [ 127 ], quetiapine [ 128 ], and risperidone [ 129 ] 
achieve very low levels in infant plasma, with no evident adverse effects, suggesting 
that these agents may be safe. However, clozapine achieves relatively high concen-
trations in breast milk and infant serum, and agranulocytosis and somnolence have 
been reported in breast-fed infants [ 130 ]. Therefore, clozapine should be contrain-
dicated during breast-feeding.       
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    Chapter 17   
 Clinically Signifi cant Interactions 
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    Abstract     Mood stabilisers are associated with a wide range of clinically signifi cant 
drug-drug interactions. The glucuronidation of lamotrigine is inhibited by valproate 
and induced by oral contraceptives, carbamazepine and phenytoin. Lamotrigine 
induces the glucuronidation of quetiapine. Valproate is an inhibitor of CYP2C9 and 
glucuronosyltransferase enzymes and increases plasma levels of some benzodiaze-
pines, tricyclic antidepressants and lamotrigine. Valproate’s metabolism is inhibited 
by aspirin and erythromycin and induced by carbapenem antibiotics. Carbamazepine 
is involved in innumerable interactions largely because of its potent ability to induce 
the activity of CYP3A4 and, to a lesser degree, CYP1A2 enzymes. Carbamazepine 
thus lowers plasma levels of many drugs including many analgesics, antipsychotics, 
benzodiazepines, antidepressants and antimicrobial agents. The metabolism of car-
bamazepine is inhibited by diltiazem, verapamil, danazol, isoniazid and ticlodipine. 
Lithium is largely renally excreted, a process that is inhibited by NSAIDs, thiazide 
and loop diuretics, ACE inhibitors and some calcium channel blockers. Lithium 
may give rise to neurotoxicity when combined with antipsychotics or 
antidepressants.  
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17.1        Lamotrigine 

 The metabolism of lamotrigine does not involve any CYP enzymes, so its interac-
tion potential is limited. Lamotrigine is largely directly conjugated with glucuronic 
acid forming an inactive 2- N -glucuronide [ 1 ]. This reaction is catalysed by glucuro-
nosyltransferase 1A4 (UGT1A4) [ 2 ]. Competition for this pathway may result in 
the altered metabolism of other drugs (or more likely their metabolites) that utilise 
this metabolic route. 

17.1.1     Evidence for the Absence of Interaction 

 Lamotrigine was initially marketed as an add-on treatment for seizure disorders. As 
such, its interaction potential, especially with other anticonvulsants, was of great 
importance. As a consequence, there is a small body of literature demonstrating 
lamotrigine’s failure to interact with drugs with which it might be given. For exam-
ple, lamotrigine has been shown [ 3 ] not to affect handling of oxcarbazepine in a 
prospective study of 47 participants. Likewise, oxcarbazepine has no effect on 
lamotrigine plasma levels, although the combination of the two drugs was less well 
tolerated than either drug alone. In another study of 14 healthy volunteers [ 4 ], no 
interaction was found for the co-administration of lamotrigine 50 mg and olanzap-
ine 5 mg, except for the fact that olanzapine seemed to increase time to peak con-
centration of lamotrigine. The doses used in this study are effectively subtherapeutic, 
but another prospective study in 43 healthy subjects found essentially no interaction 
when daily doses of 200 mg lamotrigine and 15 mg olanzapine were given [ 5 ]. 

 An analysis of plasma concentrations of risperidone and its major metabolite, 
9-hydroxy risperidone, in real-life patients [ 6 ] showed no difference in parent/
metabolite concentration ratios for people receiving lamotrigine (as confi rmed by 
plasma concentrations) and those not receiving lamotrigine. The authors concluded 
that lamotrigine had no effect on the conversion of risperidone to 9-hydroxy risperi-
done (presumably via CYP2D6 and CYP3A4). Similarly, there seemed to be no 
interaction between lamotrigine and sertraline in a 51 patient observational study 
[ 7 ]. Bupropion, whose metabolites are extensively glucuronidated, does not seem to 
affect lamotrigine pharmacokinetics [ 8 ]. Similarly, maximum daily doses (30 mg) 
of aripiprazole had no effect on lamotrigine handling in an 18-subject study [ 9 ].  

17.1.2      Valproate 

 The interaction between valproic acid and its chemical congeners and lamotrigine is 
widely recognised: dosing recommendations for lamotrigine are altered substantially 
for patients co-prescribed valproate. Valproate and lamotrigine share 
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glucuronidation via UGT as a major metabolite pathway, and the interaction is 
thought to result from competitive inhibition of this enzyme group. The extent of the 
interaction was fi rst quantifi ed in a crossover study of 18 volunteer subjects who 
received valproate (as divalproex) and three doses of lamotrigine: 50 mg, 100 mg 
and 150 mg/day [ 10 ]. Using previously obtained data on lamotrigine pharmacokinet-
ics, the co-administration of valproate appeared to be increased from around 26 h to 
around 70 h, and clearance values were proportionality decreased. The use of 
lamotrigine however increased the clearance of valproate and caused a 25 % decrease 
in plasma concentration of valproate. The nature of this bidirectional interaction is 
inconsistent with competitive inhibition but might be explained by lamotrigine’s 
induction of UGT function occurring in the context of competition for the enzyme. 

 Later studies have added to our understanding of the nature of this interaction. 
The reduction in lamotrigine clearance is seemingly independent of valproate dose 
or plasma level of valproate [ 11 ]. Also, Rowland and co-workers [ 12 ] using micro-
somal liver samples showed that the glucuronidation of lamotrigine was metabo-
lised by UGT1A4 and by another glucuronosyltransferase UGT2B7. Valproate, a 
known substrate of UGT2B7, was shown not to affect the function of UGT1A4. The 
authors concluded that valproate decreased lamotrigine clearance via inhibition of 
UGT2B7. The increased clearance of valproate associated with lamotrigine co- 
administration might then, one assumes, be related to lamotrigine’s induction of 
UGT1A4. 

 In practice, co-administration of valproate should provoke a halving of the 
lamotrigine dose. Valproate doses are not usually adjusted, but plasma level moni-
toring is recommended.  

17.1.3     Oral Contraceptives 

 Combined oral contraceptives are recognised as potent inducers of UGT enzymes. 
An interaction with lamotrigine was fi rst reported in 2001 [ 13 ]: seven cases were 
described in which lamotrigine plasma concentrations were reduced by an average 
of 49 % and where adverse consequences (e.g. seizures) were apparent. A later 
prospective study [ 14 ] using lamotrigine 300 mg/day in 18 healthy subjects demon-
strated that co-administration of ethinylestradiol 30 μg + levonorgestrel 150 μg 
(Microgynon 30) reduced maximum plasma concentration of lamotrigine by 39 % 
and area under the curve by 52 %. The presumed mechanism was induction of the 
UGT system. A further study in patients receiving lamotrigine for seizure disorders 
[ 15 ] revealed that withdrawal of oral contraceptives rapidly led to a near doubling 
of lamotrigine plasma concentrations and a reduction of 2-N-glucuronide 
generation. 

 In practice, patients receiving oral contraceptives on starting lamotrigine should 
ultimately receive double the standard dose of lamotrigine for the condition being 
treated. Those receiving lamotrigine whose oral contraceptives are withdrawn 
should have their lamotrigine dose halved (in decrements over 1–2 weeks).  
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17.1.4     Quetiapine 

 Two observational studies have suggested that lamotrigine reduces quetiapine 
plasma concentrations; both used therapeutic drug monitoring (TDM) data from 
real-life patients. In the fi rst study [ 16 ], co-administration of lamotrigine in 144 
patients was associated with a 17 % reduction in expected quetiapine plasma con-
centration. In the second [ 17 ], concentration/dose ratio was reduced by 58 % in 22 
patients. Lamotrigine’s induction of UGT was suggested as an explanation for the 
reduction in plasma levels of quetiapine. Dose adjustment is probably not required 
in practice.  

17.1.5     Carbamazepine 

 TDM data suggest that carbamazepine increases the clearance of lamotrigine by 
30–50 % [ 18 ] ( n  = 184). Although carbamazepine is a potent inducer of CYP 
enzymes, the mechanism for this interaction is not known. Lamotrigine itself seems 
to increase plasma concentrations of carbamazepine’s major metabolite, 
carbamazepine- 10,11-epoxide, an interaction associated with clinical toxicity (nau-
sea, diplopia, etc.) [ 19 ]. Carbamazepine concentrations were not affected. The 
authors suggested that lamotrigine inhibits epoxide hydrolase, the enzyme that con-
verts the 10,11 epoxide to 10,11-dihydroxide.  

17.1.6     Phenytoin 

 Phenytoin was fi rst shown to increase lamotrigine clearance in 1986 [ 20 ]. The 
extent of this increase is around 125 % [ 18 ], although higher estimates (e.g. 160 % 
[ 21 ]) have been made. On withdrawal of phenytoin, lamotrigine clearance returns to 
normal only after complete cessation of phenytoin [ 21 ]. In practice, lamotrigine 
dose should be adjusted when phenytoin is added (increase dose by 25–50 %) or 
withdrawn (decrease dose by 25–50 %).  

17.1.7     Lopinavir/Ritonavir (Kaletra) 

 One study of 24 healthy volunteers showed that Kaletra substantially increases the 
clearance of lamotrigine, probably via induction of glucuronidation [ 22 ]. When 
given with Kaletra, lamotrigine doses should be increased by 200 %.   
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17.2     Valproate 

 The pharmacokinetic characteristics of valproate have been widely studied but 
much remains to be clarifi ed in respect to the mechanisms of drug-drug interactions 
in which it is involved. Valproate is poorly absorbed and has variable plasma protein 
binding and multiple metabolic routes of elimination [ 23 ]. Interactions result from 
competition for plasma protein binding and from valproate’s capacity to inhibit 
numerous metabolic pathways, including CYP2C9 [ 24 ] and UGT [ 10 ]. 

17.2.1     Aspirin 

 Valproate’s interaction with aspirin is complex, involving both metabolic inhibition 
and protein binding displacement. Competition for plasma protein (albumin) bind-
ing sites causes displacement of both drugs and an increase in free plasma concen-
trations [ 25 ]. Aspirin inhibits beta-oxidation and slows conversion of valproate to 
its major metabolites (valproate (E)-2-ene; 3-ketovalproate) while accelerating 
glucuronidation [ 26 ]. The net effect is a substantial increase in valproate activity, 
largely because of increased concentrations of free (and therefore active) valproate 
in the blood. Standard blood tests, which measure total valproate, will not reveal 
changes in free valproate. 

 The dose at which aspirin begins to exert its effects on valproate pharmacokinet-
ics is not known [ 25 ]. Aspirin should therefore be avoided in patients receiving 
valproate.  

17.2.2     Carbamazepine 

 Early reports suggested an interaction between valproate and carbamazepine, but 
both increases and decreases of carbamazepine plasma concentrations were 
described [ 27 ]. In vitro experiments using perfused rat liver later demonstrated that 
valproate inhibited the metabolism of carbamazepine to carbamazepine-10,11- 
epoxide, although the mechanism of this effect was not elucidated [ 28 ]. In contrast, 
a later study in human volunteers demonstrated that valproate had no effect on par-
ent carbamazepine concentrations but potently reduced clearance of carbamazepine- 
10,11-epoxide [ 29 ]. The presumed mechanism was valproate’s inhibition of the 
enzyme epoxide hydrolase. The known pharmacological activity of the epoxide 
metabolite of carbamazepine means that any change to its pharmacokinetics is 
likely to have clinical relevance. However, a further study in human volunteers with 
epilepsy confi rmed a selective increase in epoxide metabolite concentrations 
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induced by valproate but in the absence of any clear deterioration in performance on 
a battery of cognitive performance tests [ 30 ]. Most recently, a human volunteer 
study confi rmed that valproate increased plasma concentrations of carbamazepine- 
10,11-epoxide but also showed that valproate inhibited both the conversion of the 
epoxide metabolite to its trans-diol derivative (via epoxide hydrolase) and the gluc-
uronidation of carbamazepine-10,11-trans-diol (via glucuronosyltransferase) [ 31 ]. 

 A further complication is that carbamazepine and valproate compete for plasma 
protein binding with valproate winning out – free carbamazepine fraction increased 
from 23.5 to 29.5 % in one study [ 32 ]. Further still, carbamazepine has been reported 
to reduce valproate concentrations by as much as 40 % [ 33 ] (although “enzyme 
induction” was the only mechanism suggested). 

 Carbamazepine and valproate are widely prescribed together, but close monitor-
ing is required. This monitoring, at the very least, should include observation of the 
patient for the emergence or worsening of adverse effects and, ideally, should 
include monitoring of plasma levels (free and total) of the two drugs and 
carbamazepine-10,11-epoxide.  

17.2.3     Quetiapine 

 One prospective study has examined the potential for interaction between valproate 
and quetiapine [ 34 ]. In 33 patients with schizophrenia or bipolar disorder, the addi-
tion of valproate reduced peak quetiapine concentrations (Cmax) by 17 % (but area 
under the curve AUC was unchanged), whereas the addition of quetiapine to dival-
proex treatment reduced both Cmax and AUC of valproic acid by 11 %. The authors 
concluded that combination treatment with quetiapine and valproate resulted in 
only non-signifi cant changes. 

 Since the publication of this study demonstrating the safety of this combination, 
a handful of apparent adverse interactions have been reported. Two patients devel-
oped delirium when quetiapine was added to ongoing valproate [ 35 ], and two fur-
ther patients developed hyper-ammonaemia (a known adverse effect of valproate) 
while taking the combination [ 36 ]. The fi rst of these reports suggests a pharmaco-
dynamic interaction, and the second does not conclusively implicate quetiapine as a 
causative factor. Nonetheless, clearly some caution is required when co-prescribing 
quetiapine and valproate.  

17.2.4     Benzodiazepines 

 Benzodiazepines generally have complex metabolic pathways which involve both 
CYP enzymes (especially CYP3A4) and glucuronidation. Lorazepam has a much 
simpler metabolic route involving only glucuronidation. A dual study of human 
volunteers and perfused rat liver showed that valproate reduced lorazepam 
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glucuronidation by around 40 % with a corresponding increase in lorazepam plasma 
concentrations [ 37 ]. Interestingly, despite this substantial effect, valproate concen-
trations were low, averaging only 33ug/ml. It has also been suggested that valproate 
inhibits clonazepam metabolism [ 38 ], but this is disputed [ 39 ]. 

 Valproate and benzodiazepines share glucuronidation as a primary (valproate; 
lorazepam) or terminal (most benzodiazepines and their active metabolites) route of 
elimination. Prolongation of the effects of benzodiazepines may occur when co- 
administered with valproate.  

17.2.5     Tricyclic Antidepressants 

 Like benzodiazepines, tricyclics are metabolised primarily by CYP-mediated 
hepatic Phase I reactions but ultimately cleared by glucuronidation. Again, as with 
benzodiazepines, many of the metabolites are pharmacologically active, and inacti-
vation occurs only via glucuronidation. Case reports describe increased plasma lev-
els of amitriptyline [ 40 ], nortriptyline [ 40 ,  41 ] and clomipramine [ 42 ,  43 ] resulting 
from the addition of valproate. A similar interaction was observed in a prospective 
study of amitriptyline and valproate: parent and metabolite plasma concentrations 
were substantially increased [ 44 ]. The authors suggested that valproate’s inhibition 
of hydroxylation might be responsible for the rises seen, but inhibition of glucuroni-
dation is also possible and perhaps more likely. Inhibition of CYP2C enzymes has 
also been suggested as the mechanism for this interaction [ 42 ]. 

 The co-administration of valproate and tricyclic drugs is not contraindicated, but 
when valproate is added to established tricyclic treatment, a reduction in dose of the 
tricyclic should be considered, and plasma levels may be useful to guide dose 
adjustment.  

17.2.6     Carbapenems 

 Carbapenems (e.g. meropenem, imipenem) are broad-spectrum antibiotics used for 
serious sepsis and in cystic fi brosis. Numerous case reports, beginning in 1997 [ 45 ] 
and continuing over nearly two decades [ 46 ,  47 ], describe massive reductions (up to 
90 %) in valproate plasma concentrations after co-administration of carbapenems. 
In a retrospective analysis [ 48 ], an average reduction in valproate levels of 66 % 
occurred within 24 h of meropenem initiation. 

 The probable mechanism of this interaction is the induction of the glucuronida-
tion of valproate [ 48 ], but numerous other routes have been proposed, including the 
inhibition of hydrolysis of valproate glucuronide back to valproate, enhanced renal 
clearance of valproate glucuronide and alterations in valproate distribution [ 46 ,  47 , 
 49 ]. Whatever the mechanism of interaction, this is clearly a very signifi cant inter-
action. The use of carbapenems is usually unavoidable, so when used alongside 
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valproate, the dose of valproate may well need to be substantially increased almost 
immediately. Dose increases are best guided by plasma levels, but it is important to 
note that the possible nature of this interaction may mean that plasma concentration/
tissue concentration ratios are signifi cantly altered.  

17.2.7     Others 

 Valproate should be used cautiously with  clozapine  because of the potential for 
increased CNS effects [ 50 ] and inhibition of clozapine metabolism [ 51 ]. 
 Erythromycin  may inhibit valproate metabolism causing a substantial rise in valpro-
ate plasma concentration [ 52 ]. Valproate appears to lower plasma concentrations of 
 olanzapine  by around 50 % [ 53 ] although the mechanism is not known. The antitu-
bercular drug  isoniazid  inhibits valproate metabolism to a substantial degree caus-
ing toxic valproate concentrations [ 54 ]. Valproate inhibits the metabolism of 
 phenobarbital  [ 55 ] and creases the metabolism of the immunosuppressant drug 
mycophenolate [ 56 ] (the plasma concentrations of which are critical to clinical effi -
cacy). Again, in these latter cases, the mechanism of interaction has not been 
determined.   

17.3     Carbamazepine 

 Carbamazepine is involved in innumerable interactions, largely because of its potent 
ability to induce CYP3A4 function [ 57 ]. A great many drugs have their metabolism 
enhanced by the co-administration of carbamazepine, and a handful of drugs inhibit 
the metabolism of carbamazepine usually but not exclusively via CYP3A4 inhibi-
tion [ 58 ]. There are relatively few pharmacodynamic interactions. The two tables 
below described known pharmacokinetic and pharmacodynamic interactions 
involving carbamazepine (Tables  17.1  and  17.2 ).

17.4         Lithium 

 Lithium is a monovalent cation given orally in the form of various lithium salts. 
Lithium tablets are manufactured as either immediate release preparations which 
reach a peak plasma lithium concentration 1–3 h post-administration or sustained- 
release preparations that peak 4–12 h post-administration [ 110 ]. Lithium concentra-
tions in the brain peak a further 24 h later owing to the relatively lower permeability 
of the blood-brain barrier. Its terminal elimination half-life ranges from 18 to 36 h. 
Lithium concentration measured in the plasma may be twice the concentration in 
red blood cells and the cerebrospinal fl uid [ 111 ]. 
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   Table 17.1    Summary of interactions – carbamazepine   

 Interacting drug  Nature of interaction  Mechanism  Reference 

 Acetazolamide  Risk of 
SIADH. Acetazolamide 
increases CBZ concentrations 

 Not known  [ 57 ] 

 Analgesics 
   Fentanyl  Some evidence that CBZ 

increases fentanyl 
requirements during surgery 

 Not known  [ 59 ] 

   Methadone  CBZ reduces serum trough 
concentration by 60 % 

 ? CYP3A4 induction  [ 60 ] 

   Propoxyphene  CBZ concentrations increased 
by 50–100 % 

 Not known  [ 61 ] 

 Antibacterials 
   Erythromycin  No effect of CBZ on 

erythromycin, but 
erythromycin increases CBZ 
concentrations two- to 
threefold 

 ?CYP3A4 inhibition  [ 62 ] 

   Clarithromycin  CBZ concentrations increased 
at least twofold 

 ?CYP3A4 inhibition  [ 63 ,  64 ] 

 Anticoagulants 
   Warfarin  Warfarin doses need to be 

reduced by at least 50 % when 
CBZ added 

 ?CYP3A4 induction  [ 65 – 67 ] 

 Antidepressants 
   Amitriptyline  Plasma concentrations of 

parent drug and nortriptyline 
reduced by up to 50 % 

 ? CYP3A4 induction  [ 68 ] 

   Imipramine  CBZ reduces imipramine 
levels by 42 % and 
desipramine (metabolite) by 
24 % but increases free 
fractions. 

 CYP3A4 and ? UGT 
induction 

 [ 69 ] 

   Mirtazapine  Substantial decrease (~60 %) 
in mirtazapine concentration 

 CYP3A4 induction  [ 70 ] 

   Moclobemide  CBZ reduces moclobemide 
concentrations by 41 % 

 CYP3A4 induction  [ 71 ] 

   SSRIs  Sertraline concentrations 
substantially reduced by CBZ 

 CYP3A4 induction  [ 72 ,  73 ] 

 Fluoxetine decrease CBZ 
clearance by ~30 % 

 ? CYP3A4 inhibition 

 Fluvoxamine doubles CBZ 
concentrations 

 ?CYP3A4 inhibition 

   Trazodone  Trazodone inhibits CBZ 
metabolism. Effect of CBZ on 
trazodone unknown 

 CYP3A4 inhibition  [ 74 ,  75 ] 

 Antiepileptics 

(continued)
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Table 17.1 (continued)

 Interacting drug  Nature of interaction  Mechanism  Reference 

   Levetiracetam  Toxicity may occur when 
levetiracetam is 
co-administered. Not thought 
to be a pharmacokinetic 
interaction 

 Pharmacodynamic  [ 76 ] 

   Phenobarbital  Phenobarbital may decrease 
CBZ concentrations 

 Not known  [ 77 ] 

   Topiramate  CBZ reduces topiramate 
concentrations by ~40 % but 
co-administration may lead to 
toxicity 

 ?CYP3A4 induction  [ 78 ] 

   Valproate  See Sect.  17.3  
 Antipsychotics 
   Haloperidol  Plasma concentrations of 

haloperidol reduced by 40 % 
 CYP3A4 induction  [ 79 ] 

   Loxapine  CBZ concentrations increased 
by loxapine 

 Not known  [ 80 ] 

   Olanzapine  CBZ reduces peak plasma 
concentrations and half-life. 
AUC decreased by a third 

 CYP3A4 induction  [ 81 ] 

   Paliperidone  Dose-dependent decrease in 
paliperidone concentrations 
ranging from 45 to 66 % 

 CYP3A4; p-glycoprotein 
induction 

 [ 82 ] 

   Quetiapine  Quetiapine plasma levels may 
be reduced to zero by the 
co-administration of CBZ 

 CYP3A4 induction  [ 83 ] 

   Risperidone  CBZ halves risperidone 
plasma concentrations and has 
a similar effect on 
9-hydroxyrisperidone 

 ?CYP3A4 induction  [ 84 ] 

 Antivirals 
   Efavirenz  CBZ substantially decreases 

efavirenz exposure, and 
efavirenz substantially 
decreases exposure of CBZ 

 ? CYP3A4 induction  [ 85 ] 

    Indinavir  Plasma concentrations of 
indinavir reduced by around 
75 % 

 CYP3A4 induction  [ 86 ] 

 Benzodiazepines 
   Alprazolam  Plasma concentrations of 

alprazolam reduced by ~80 % 
 CYP3A4 induction  [ 87 ] 

   Clobazam  CBZ enhances metabolism of 
clobazam to norclobazam 

 CYP3A4 induction  [ 88 ] 

   Clonazepam  Bidirectional interaction: CBZ 
clearance decreased by 
~20 %; clonazepam clearance 
increased by ~20 % 

 CYP3A4 induction 
 ? competition for 
CYP3A4 

 [ 89 ] 
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Table 17.1 (continued)

 Interacting drug  Nature of interaction  Mechanism  Reference 

   Midazolam  Massive (>90 %) reduction in 
plasma levels 

 CYP3A4 induction  [ 90 ] 

    Calcium 
channel 
blockers 

 Diltiazem increases CBZ 
concentrations by >100 %. 
Similar effect seen with 
verapamil 

 Unknown  [ 57 ,  91 ,  92 ] 

    Ciclosporin  CBZ reduces concentration of 
ciclosporin by around 50 % 

 ? CYP3A4 induction  [ 93 ] 

    Danazol  CBZ and CBZ-epoxide 
concentrations increased by 
danazol. CBZ concentrations 
doubled 

 Inhibition of epoxide- 
trans- diol pathway 

 [ 94 ,  95 ] 

    Fluconazole  Fluconazole increases CBZ 
concentrations by around 
100 % 

 CYP3A4 inhibition  [ 96 ] 

    Isoniazid  CBZ toxicity reported  Not known  [ 97 ,  98 ] 
    Isotretinoin  CBZ and CBZ-epoxide 

concentrations reduced by 
isotretinoin 

 ? increased metabolism 
and/or decreased 
absorption 

 [ 99 ] 

    Ivabradine  CBZ reduces bioavailability 
by around 80 %. Peak 
concentrations reduced by 
77 % 

 CYP3A4 induction  [ 100 ] 

    Muscle 
relaxants 

 CBZ shortens action of 
rocuronium 

 ? CYP3A4 induction  [ 101 ] 

    Oestrogens  Plasma concentrations 
reduced by ~40 %. 
Breakthrough bleeding and 
ovulation occur 

 ? CYP3A4 induction  [ 102 ] 

    Prednisolone  CBZ increases prednisolone 
clearance by ~30 % 

 ? CYP3A4 induction  [ 103 ] 

    Progestogens  Levonorgestrel concentrations 
reduced by ~35 % 

 ? CYP3A4 induction  [ 102 ] 

    Tacrolimus  CBZ reduces tacrolimus 
concentrations by ~50 % 

 CYP3A4 induction  [ 104 ] 

    Theophylline  CBZ reduces theophylline 
concentration 

 ? CYP3A4 induction  [ 105 ,  106 ] 

    Ticlopidine  Ticlopidine may inhibit CBZ 
metabolism 

 Not known  [ 107 ] 

    Zolpidem  Bioavailability of zolpidem 
reduced by 57 % by 400 mg 
carbamazepine. Half-life of 
zolpidem decreased from 2.3 
to 1.6 h 

 CYP3A4 induction  [ 108 ] 

   ?  presumed mechanism; no or limited experimental evidence  
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 Lithium does not bind to proteins and is distributed unevenly into different body 
compartments. It is not metabolised by the liver but is excreted almost exclusively 
via the kidneys. The lithium cation is fi ltered through the glomeruli, but 80 % of this 
is reabsorbed in the proximal tubules together with sodium [ 110 ]. Excretion of lith-
ium correlates with renal function (its clearance is about 25 % of creatinine  clearance 
values [ 112 ]). Therefore most pharmacokinetic drug interactions with lithium 
involve changes in distribution or elimination and are often associated with changes 
in sodium balance [ 111 ]. 

17.4.1     Antipsychotics 

 The combination of lithium with an antipsychotic drug during the initial phase of a 
manic episode when one of the agents alone is insuffi cient is common in clinical 

   Table 17.2    Carbamazepine – interactions with other drugs [ 57 ,  109 ]   

 Carbamazepine is thought to decrease plasma concentrations of the following: 
 Acetaminophen (paracetamol)  Praziquantel 
 Apixaban  Propranolol 
 Bosutinib  Ritonavir 
 Bupropion  Rivaroxaban 
 Busulfan  Quinine 
 Chloramphenicol  Quinidine 
 Clopidogrel  Simvastatin 
 Codeine  St John’s Wort 
 Crizotinib  Thyroxine 
 Cyclophosphamide  Tibolone 
 Dabigatran  Tipranavir 
 Darunavir  Ulipristal 
 Disopyramide  Vitamin D derivatives 
 Doxycycline 
 Dronedarone 
 Etoposide 
 Fingolimod 
 Flunarizine 
 Griseofulvin 
 Imatinib 
 Itraconazole 
 Ketoconazole 
 Lapatinib 
 Lopinavir 
 Metronidazole 
 Metyrapone 
 Nevirapine 
 Ondansetron 
 Pethidine (meperidine) 
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practice. This combination may be continued in the longer term for prophylaxis of 
recurring manic or depressive episodes. There are several reports that pronounced 
extrapyramidal side effects (EPSEs) and severe neurotoxicity (including irrevers-
ible brain damage) have developed with the combined use of lithium and various 
antipsychotics [ 113 – 117 ]. Other authors have not detected any evidence of neuro-
toxicity with the combination of lithium and an antipsychotic [ 118 ]. However, it is 
noteworthy that in the later reports of safe use, the lithium levels and the antipsy-
chotic dose were considerably lower. Nevertheless, neurotoxicity with the use of 
lithium in combination with various antipsychotics, e.g. chlorpromazine, thiorida-
zine, fl uphenazine and newer ones olanzapine, risperidone and clozapine, has been 
reported [ 119 – 122 ]. Maintaining lithium levels below 1 mmol/L has been suggested 
as a method to reduce the risk of neurotoxicity. 

 One study reports higher amisulpride blood concentrations when lithium was 
added to amisulpride [ 123 ], and another study found reduced chlorpromazine con-
centrations when lithium was also used [ 124 ]. A few patients have experienced 
seizures with lithium and clozapine in combination [ 125 ]. Finally, caution is needed 
with the combination of lithium and clozapine because of the risk of lithium mask-
ing clozapine-induced agranulocytosis [ 126 ].  

17.4.2     Thiazides 

 Thiazide diuretics appear to have the greatest potential to increase lithium con-
centrations to a clinically signifi cant degree [ 127 ]. Cases describing increased 
lithium levels with the concurrent use of lithium and bendrofl umethiazide and 
hydrochorthiazide have been described in the literature [ 128 – 130 ]. Studies look-
ing at drug levels commonly report a 20–40 % rise in lithium plasma levels when 
thiazide diuretics are added to lithium treatment. A case report described a two-
fold rise in lithium levels in a 45-year-old woman who was prescribed bendro-
fl umethiazide 5 mg daily for mild ankle oedema while on 1.6 g/day lithium 
carbonate [ 128 ]. 

 It is thought that the mechanism of this interaction is related to the site of action 
of thiazide diuretics. They inhibit the sodium-chloride transporter in the distal 
tubule of the nephron resulting in an increased sodium loss in the urine [ 131 ]. As a 
compensatory mechanism after a few days, increased sodium reabsorption occurs in 
the proximal tubule which automatically leads to increased lithium reabsorption and 
consequently increased lithium levels [ 132 ]. The rise in lithium levels and toxicity 
has been observed commonly within the fi rst 10 days of concurrent use although 
later toxicity has also been reported (e.g. after 19 days and up to 3 months) [ 133 ]. 

 If a thiazide diuretic has to be prescribed for a patient on lithium, then the dose 
of the latter should fi rst be reduced and frequency of plasma level monitoring 
increased. An empirical reduction of 40–70 % of lithium dosage has been pro-
posed [ 134 ,  135 ] when thiazides are introduced and lithium levels rechecked in 
5–6 days monitored closely thereafter. Upon withdrawal of the diuretic, the fre-
quency of plasma level monitoring should be increased again to determine the 
correct dose of lithium.  
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17.4.3     Loop Diuretics 

 The result of the interaction between loop diuretics and lithium is unpredictable. A 
study looking at the effect of furosemide 40 mg/day for 14 days on 6 healthy volun-
teers taking lithium 300 mg three times per day did not fi nd any signifi cant changes 
in mean lithium plasma levels, though one of the subjects experienced marked lith-
ium toxicity symptoms as her level rose from 0.44 to 0.71 mmol/L [ 136 ]. A nested 
case-control study looked into the association between hospitalisation for lithium 
toxicity and the use of interacting drugs such as diuretics, non-steroidal anti- 
infl ammatory drugs (NSAIDs) and angiotensin-converting inhibitors (ACEIs) in the 
elderly. The concurrent use of loop diuretics was associated with a 70 % increase in 
the risk of hospitalisation for lithium toxicity [ 137 ]. The authors noted that older 
patients may be more likely to develop sodium imbalance which could result in 
increased lithium reabsorption in the proximal tubule. Confounding factors such as 
sodium-restricting diets, fl uid or electrolyte imbalance in patients receiving loop 
diuretics can affect the assessment of the interaction between lithium and a loop 
diuretic. In a double blind, placebo-controlled crossover study, 13 healthy volun-
teers received lithium 300 mg twice daily with hydrochlorothiazide 25 mg twice/
day or furosemide 20 mg twice/day or placebo at weeks 2, 4 and 6. The lithium 
levels after 5 days of hydrochlorthiazide treatment increased by 23.3 %, while no 
difference was noted after furosemide use [ 138 ]. Authors noted that the effect of 
thiazide diuretics might be dose-dependent; hence, the low thiazide dose used may 
explain the modest increase in lithium levels seen here with the hydrochlorothiazide 
compared to other reports. These fi ndings, however, are consistent with those of 
previous studies despite the small sample size and low lithium doses [ 138 ]. 

 Although lithium dose adjustment might not be required when a loop diuretic is 
added to a lithium-treated patient, frequent monitoring of lithium plasma levels is 
recommended [ 127 ,  133 ].  

17.4.4     Potassium-Sparing Diuretics 

 The evidence for the interaction between potassium-sparing diuretics such as 
amiloride, spironolactone or triamterene with lithium is very limited. Amiloride did 
not produced notable increase in lithium plasma levels in two studies [ 139 ,  140 ]. In 
fact, amiloride has been valuable in treating lithium-induced diabetes insipidus. It 
reduced urine volume and increased urine osmolality in patients with vasopressin- 
resistant lithium-induced polyuria [ 140 ]. Evidence for triamterene and eplerenone 
is very sparse. In a study with 8 healthy volunteers, triamterene increased lithium 
excretion [ 141 ] to a small extent. 

 Spironolactone when added to lithium treatment was observed to slightly 
increase lithium levels in one study [ 142 ], while lithium excretion was slightly 
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increased in another [ 143 ]. Since outcomes of these studies seem contradictory and 
inconclusive, monitoring of lithium levels would be advisable.  

17.4.5     Carbonic Anhydrase Inhibitors and Osmotic Diuretics 

 Carbonic anhydrase inhibitor diuretics such as acetazolamide were found to increase 
lithium excretion leading to reduced plasma levels. This is probably owing to inhi-
bition of sodium reabsorption in the proximal and distal renal tubules [ 127 ]. Osmotic 
diuretics (e.g. mannitol) similarly enhance lithium excretion (a 36 % increase 
reported) with corresponding reduced plasma concentrations [ 127 ,  143 ]. 

 Herbal diuretic use resulted in life-threatening lithium toxicity in a case report 
when taken by a patient on lithium as an over-the-counter medication for weight 
loss [ 144 ]. Patients on lithium should be appropriately counselled on possibility of 
herbal-drug interactions.  

17.4.6     Angiotensin-Converting Enzyme Inhibitors (ACEIs) 

 Numerous case reports have been published describing the development of lithium 
toxicity following the addition of angiotensin-converting enzyme inhibitors (ACEIs) 
to lithium-treated patients [ 145 – 147 ]. The development of toxicity seems to be 
gradual in onset with symptoms typically manifesting 2–5 weeks after beginning of 
treatment with an ACEI [ 127 ,  148 ]. A retrospective, longitudinal, case-control study 
of 20 hypertensive patients already stabilised on lithium examined the impact of 
ACEI (captopril, enalapril or lisinopril) initiation on lithium plasma levels. An over-
all 26 % decrease in lithium clearance was observed, which corresponded to an 
average of 35 % increase in lithium plasma levels. Four (20 %) of the patients pre-
sented with symptoms suggestive of lithium toxicity and required dose reduction or 
treatment discontinuation [ 147 ]. There was signifi cant correlation between increased 
age and greater reduction in lithium clearance values, which is consistent with the 
average age of 54 years of patients affected in most case reports. The mechanism of 
the interaction cannot be attributed to drug equilibration since its time course is 
delayed. One of the theories implicates fl uid depletion due to lithium-induced natri-
uresis and reduced thirst stimulation by ACEIs. The normal compensatory mecha-
nism that would maintain glomerular fi ltration in such cases by constricting the 
efferent renal arterioles is blocked by ACEIs. Hence, lithium excretion is reduced. 

 The previously mentioned study, assessing the risk of hospitalisation for lithium 
toxicity due to the use of interacting drugs with lithium in the elderly, found that 
patients started on ACEIs were four times more likely to be hospitalised [ 137 ]. The 
combination of ACEIs with lithium should be ideally discouraged in the elderly 
considering their additional risk factors (reduced renal function, etc.). 
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 If an ACEI is absolutely indicated, it has been recommended that lithium con-
centrations are closely monitored (e.g. every 1–2 weeks) for at least a month or two 
[ 133 ,  147 ]. Lithium dose reduction may be needed.  

17.4.7     Angiotentsin II (AT II) Receptor Antagonists 

 Information about the interaction between lithium and AT II receptor antagonists 
comes only from case reports. Losartan and valsartan [ 149 ,  150 ] were found to 
induce lithium toxicity when added to lithium treatment. Lithium concentrations 
were increased by 75 % in a 77-year-old, and toxicity was evident 11 days after the 
combination started [ 149 ]. 

 Angiotensin II receptor antagonists inhibit the reabsorption of sodium and water 
in the proximal tubule which is normally mediated by angiotensin II [ 149 ]. They 
also block aldosterone secretion (to a lesser extent than ACEIs) which results in 
increased sodium loss in the distal tubule [ 149 ]. The resulting natriuresis triggers 
lithium reabsorption into the circulation with consequent lithium toxicity. The time 
course of lithium toxicity was found to be delayed, as with ACEIs. Although the 
interaction between AT II receptor antagonists with lithium might be less likely 
compared with ACEIs, caution is recommended. More frequent lithium concentra-
tion monitoring (e.g. on weekly basis) for at least a month would be prudent [ 133 , 
 149 ].  

17.4.8     Non-steroidal Anti-infl ammatory Drugs (NSAIDs) 

 There is a plethora of evidence that concomitant use of NSAIDs with lithium results 
in elevated lithium concentrations and that a decrease in lithium levels is seen on 
NSAID discontinuation [ 151 ]. Numerous NSAIDs have been implicated including 
diclofenac, ibuprofen, indomethacin, ketoprofen, mefenamic acid, naproxen, nifl u-
mic acid, piroxicam and celecoxib [ 133 ]. There is a great variability between differ-
ent NSAIDs in regard to the effect on lithium plasma level as well as variability 
between individuals taking the same NSAID [ 127 ]. For example, two controlled stud-
ies reported a 20–59 % increase in lithium levels, on average, when indomethacin was 
added to lithium [ 152 ,  153 ]. The effect of indomethacin on lithium levels appears to 
be greater compared with other NSAIDs and greater in psychiatric patients versus 
healthy controls [ 152 ]. In many cases, lithium concentrations were increased within a 
week of starting the NSAID though in some, lithium intoxication was suspected only 
after almost a month of combined treatment [ 154 ]. Elderly patients are already at 
greater risk of lithium toxicity and interacting medications add a further risk. 

 Sulindac appears to have inconsistent effects on lithium levels in the literature 
with some reporting a reduction, some an increase and some no effect on lithium 
levels upon sulindac co-administration [ 155 – 158 ]. 
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 Several hypotheses regarding the mechanism of the interaction between lithium 
and NSAIDs have been postulated. NSAIDs inhibit the production of prostaglan-
dins by the kidney resulting in reduced blood fl ow and so a decrease in renal excre-
tion of lithium [ 151 ]. The sodium retention often seen with NSAIDs possibly as a 
result of reduced renal prostaglandins would be anticipated to increase lithium reab-
sorption as well [ 127 ]. 

 If an NSAID (or a COX-2 inhibitor) must be used in a lithium-treated patient, 
this should be prescribed only for regular daily use and not ‘as needed’ (prn) 
[ 159 ]. The lithium plasma concentration should be closely monitored (initially 
every few days) [ 133 ] and lithium dose adjusted over the fi rst few weeks. One 
study group proposed twice a week monitoring of lithium levels until the mag-
nitude of the interaction is assessed [ 157 ]. Dose reduction of lithium may be 
needed. 

 NSAIDs are widely available over the counter; therefore, it is essential that 
patients are educated on the risks of concomitant use with lithium.  

17.4.9     Aspirin 

 While aspirin also reduces the synthesis of renal prostaglandins, it has not been 
observed to affect lithium levels to a signifi cant extend [ 127 ]. As with NSAIDs, 
monitoring of lithium levels is advisable if patients have concomitant fever or cold 
as this can result in altered fl uid and sodium balances.  

17.4.10     Calcium Channel Blockers (CCBs) 

 Case reports describe the development of neurotoxicity (consisting of ataxia, 
dysarthria, tremor) with the addition of verapamil and diltiazem to lithium-treated 
patients even though in some, the lithium levels remained unchanged [ 160 ,  161 ]. 
A prospective study that evaluated the pharmacokinetic effect of nifedipine 
(20 mg/day for 6–12 weeks) on lithium found a 30 % reduction in lithium clear-
ance [ 162 ]. 

 Patients with bipolar disorder are reported to have higher intracellular cal-
cium [ 163 ], and calcium channel blockers such as verapamil and nimodipine 
have been studied for the management of refractory bipolar disorder [ 164 ,  165 ]. 
It is thought that lithium may also act as a calcium antagonist potentiating the 
action of CCBs in the brain [ 127 ]. Thus, the resultant neurotoxicity seems be 
due to a pharmacodynamic interaction between lithium and CCBs. Although 
reports of uneventful concurrent use of lithium and CCBs can be found in the 
literature [ 165 ], extreme caution should be exercised when CCBs are added and 
particularly with those having a greater effect on cardiac conduction such as 
verapamil or diltiazem.  
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17.4.11     Antiepileptics 

 There is some evidence that the combination of lithium and carbamazepine can 
result in increased incidence of neurotoxicity (such as dizziness, confusion, ataxia, 
somnolence) in spite of lithium plasma concentrations being within the therapeutic 
range. This interaction appears to be pharmacodynamic [ 166 ]. An isolated case 
report of interstitial nephritis with acute renal failure induced by carbamazepine 
resulted in toxic lithium concentrations [ 167 ]. Renal failure is a rare side effect of 
carbamazepine [ 168 ]. Hence, caution is required when combined with lithium. In 
addition, carbamazepine commonly causes hyponatraemia [ 168 ] which can trigger 
lithium reabsorption and lithium toxicity. 

 Three case reports of lithium toxicity with phenytoin and lithium combination 
are inconclusive due to complicating factors including the absence of a clear tempo-
ral relationship [ 127 ].  

17.4.12     Xanthines 

 The limited evidence available for the concurrent use of aminophylline or theophyl-
line with lithium suggests that the renal excretion of lithium is accelerated resulting 
in signifi cant reduction in lithium plasma levels. A study in 10 healthy volunteers 
(20–37 years old) evaluated the effect of different doses of theophylline on lithium 
clearance and concentration. Lithium clearance was increased on average by 30 % 
when theophylline is added [ 169 ]. A more pronounced effect on lithium clearance 
was seen with higher theophylline levels. Adverse effects reported with the combi-
nation included polyuria, polydipsia and fatigue. Similarly, increases in lithium 
clearance have been observed with the addition of aminophylline [ 143 ] as a result 
of a direct blockade of sodium reabsorption at the proximal tubule. Importantly, 
care is required when a patient on lithium discontinues treatment with theophylline 
or aminophylline since lithium levels may rise and toxicity could ensue [ 127 ]. 

 A moderate consumption of caffeine would not seem to require any lithium dose 
adjustment; however, withdrawal of caffeine should be done cautiously due to risk 
of toxicity as lithium levels may rise [ 133 ].  

17.4.13     Antidepressants 

 The augmentation of antidepressant treatment with lithium is a common choice in 
the treatment of refractory depression. The combination of lithium with serotonin 
reuptake inhibitors has been benefi cial and generally well tolerated. Symptoms sug-
gestive of enhanced serotoninergic effect or serotonin syndrome have been described 
in various case reports with lithium and SSRIs [ 170 ,  171 ]. A study evaluating the 
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potential pharmacokinetic interaction between venlafaxine and lithium found no 
clinically signifi cant effect, but a case report describes the incidence of excessive 
somnolence due to pharmacodynamic interaction [ 172 ]. 

 Serotonin syndrome and symptoms similar to neuroleptic malignant syndrome 
have been reported with the combination of a tricyclic antidepressant and lithium 
[ 173 ,  174 ].  

17.4.14     Sodium Intake and Lithium 

 Higher sodium intake has been observed to reduce both the therapeutic effects of 
lithium and its concentration. Administration of lithium during low sodium intake 
has resulted in the appearance of toxic side effects [ 175 ]. Since the body does not 
distinguish between lithium and sodium ions, the sodium reabsorption triggered by 
low sodium intake might be accompanied by increased lithium retention leading to 
higher plasma levels. By the same mechanism in reverse, higher sodium intake has 
resulted in reduced therapeutic effect of the lithium [ 175 ]. 

 Patients should be advised to avoid antacids containing sodium and restriction in 
their dietary sodium without informed advice and close lithium renal monitoring 
[ 133 ]. 

 Lithium is contraindicated in patients with low sodium levels (e.g. in those dehy-
drated or on low sodium diets) and should be used cautiously with drugs affecting 
electrolyte balance (e.g. corticosteroids) [ 176 ].  

17.4.15     Methyldopa 

 A few case reports have described symptoms of toxicity (e.g. confusion, restless-
ness, tremor, rigid movements) following the use of methyldopa with lithium [ 177 , 
 178 ]. The mechanism of this interaction though unclear might involve an enhanced 
effect of lithium on the central nervous system by methyldopa and possibly lithium 
retention due to increased sodium reabsorption caused by methyldopa. Of note, 
methyldopa might cause psychiatric side effects and is contraindicated in depres-
sion [ 179 ].  

17.4.16     Antibacterials 

 Increased lithium concentration to toxic concentrations with consequent nephrotox-
icity following the addition of metronidazole has been described in three case 
reports [ 180 ,  181 ]. The impaired kidney function described was prolonged. 
However, in another case report, the concurrent use of these two drugs was well 
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tolerated [ 180 ]. Lithium dose reduction should be considered (depending on the 
baseline lithium level) if metronidazole must be used concurrently. Close monitor-
ing of lithium concentration, creatinine, electrolyte and urine osmolality [ 180 ,  181 ] 
is advised. 

 Toxicity and raised lithium levels by more than threefold was reported following 
the addition of tetracycline [ 182 ]. 

 It should be noted though that in some cases, it might not be the interaction with 
the actual antibiotic that results in a rise in lithium levels but the associated possible 
dehydration during an infection. Monitoring of lithium levels and patient’s mental 
state would be prudent.  

17.4.17     Neuromuscular Blockers 

 Limited evidence suggest prolonged neuromuscular blockade after the use of neu-
romuscular blockers (e.g. pancuronium, suxomethonium) in patients on lithium 
[ 183 ,  184 ].      
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    Chapter 18   
 Clinically Signifi cant Interactions 
with Antidepressants                     

       Y.  W.     Francis     Lam     

    Abstract     Depression is one of the most frequent and severe mental disorders, and 
concurrent medical conditions commonly coexist in depressed patients. This pres-
ents numerous potentials for interactions between antidepressants and other non- 
psychotropics prescribed for the same patient. Many selective serotonin reuptake 
inhibitors and selective serotonin and norepinephrine reuptake inhibitors possess 
various extent of inhibition towards different cytochrome P-450 isoenzymes, 
which constitute the primary mechanism of reported antidepressant drug interac-
tions in the literature. Most of the antidepressants are also metabolized by the cyto-
chrome P-450 enzyme system. As such, modulation of their hepatic elimination 
can occur with concurrently administered substrates, inhibitors, or inducers of the 
same cytochrome P-450 isoenzyme. In addition, the basal enzyme activity and 
genetic polymorphism affecting specifi c cytochrome P-450 isoenzyme can affect 
the magnitude and clinical signifi cance of the cytochrome P-450-mediated drug-
antidepressant interaction. In addition to drug-metabolizing enzymes, uptake and 
effl ux drug transporters that are present at many biological membranes, including 
the blood-brain barrier, the intestinal epithelial cells, the hepatocytes, and the renal 
tubular cells, can also affect systemic exposure and central nervous system pene-
tration of most antidepressants, and hence pharmacological response. Although 
cytochrome P-450- mediated drug interactions still constitute the majority of the 
reported literature data, more recent studies have focused on these drug transport-
ers in mediating drug interactions, including the antidepressants. In contrast to 
pharmacokinetic interactions, pharmacodynamic drug interactions involving the 
antidepressants mostly are derived from case reports and less well documented. 
Nevertheless, the more relevant and clinically signifi cant pharmacodynamic inter-
actions will also be reviewed.  
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18.1       Introduction 

 Depression commonly coexists with other medical disorders, and it is not uncom-
mon for depressed patients treated concurrently with antidepressants and other non- 
psychotropics. As such, the potentials for drug interactions among these medications 
are high and potentially clinically signifi cant [ 1 ]. The aim of this chapter is to review 
the pharmacokinetic and pharmacodynamic interactions between antidepressants 
and non-psychotropics. 

 As a result of relative selectivity in their interaction with specifi c receptor 
accounting for their different mechanisms of action and pharmacological effects, 
the newer antidepressants such as selective serotonin reuptake inhibitors and selec-
tive serotonin and norepinephrine reuptake inhibitors have fewer pharmacodynamic 
interactions, when compared to older antidepressants such as the tricyclic antide-
pressants and the monoamine oxidase inhibitors. However, they are more likely to 
cause drug interaction involving altered drug metabolism via cytochrome P-450 
enzymes modulation.  

18.2     Pharmacokinetic Drug Interactions 

 Most of the newer antidepressants are metabolized by the cytochrome P-450 
isoenzymes (Table  18.1 ). Nevertheless, as a result of their wide therapeutic 
index, the effect of altered systemic drug concentrations mediated by enzyme 
modulation, whether by inhibition or induction, is usually not of clinical signifi -
cance. On the other hand, with their ability to inhibit different cytochrome 
P-450 isoenzymes (Table  18.1 ), the newer antidepressants can cause clinically 
signifi cant drug interactions. The effect of selective serotonin reuptake inhibi-
tors on metabolism of other drugs is reviewed elsewhere [ 2 ]. Available literature 
suggests that paroxetine and fl uoxetine are potent inhibitors of CYP2D6 com-
pared to other selective serotonin reuptake inhibitors with much less inhibitory 
effect, such as fl uvoxamine, sertraline, and venlafaxine [ 3 ,  4 ], whereas fl uvox-
amine is a dual inhibitor with potent inhibitory effect towards CYP1A2 and 
CYP2C19.

   The differential enzyme inhibitory effects of selective serotonin reuptake inhibi-
tors have been advocated as a determinant for selection of specifi c drug to minimize 
drug interaction potential. However, the magnitude of inhibitory effect is propor-
tional to the dose of the inhibitor, as illustrated in the study by Nichols et al. with 
O-desvenlafaxine, the active metabolite of venlafaxine [ 5 ]. The effects of multiple 
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daily dosing of 100 or 400 mg desvenlafaxine on desipramine pharmacokinetics 
were investigated in healthy volunteers [ 5 ]. The lower-dosage regimen resulted in 
25 % and 17 % increases in Cmax and AUC of desipramine, respectively, whereas 
the higher-dose regimen increased the Cmax and AUC of desipramine by 52 % and 
90 %, respectively. Although the geometric least squares mean ratios and 90 % 
confi dence intervals (CI) for desipramine AUC (117, 90 % CI 110–125 %) in the 
absence and presence of concurrent 100 mg of desvenlafaxine implied AUC bio-
equivalence between the two treatment arms and a study conclusion that low-dose 
desvenlafaxine is a relatively weak inhibitor of CYP2D6, patients receiving a 
higher dose, e.g., for management of obsessive compulsive disorders, or those 
receiving additional CYP2D6 inhibitors (e.g., bupropion is most often combined 
with a selective serotonin reuptake inhibitor) could be at increased risk of adverse 
effects associated with higher concentrations of the affected drugs. 

 In addition, the inhibitory effect can be modulated by the basal metabolic capacity 
and/or genetic capacity of the patients. As shown in the study by Azuma et al., the 
magnitude of inhibition is much more with CYP2D6 extensive metabolizers than in 

    Table 18.1    Cytochrome P-450 isoenzymes that either mediate the metabolism of or are modulated 
by antidepressants   

 CYP isoforms responsible 
for metabolism 

 CYP isoforms modulated 
(inhibited or induced) 

 Bupropion  CYP2B6  CYP2D6 (inhibition, ++) 
 Citalopram, escitalopram  CYP2C19, 2D6, 3A4  CYP2D6 (inhibition, +) 
 Duloxetine  CYP2D6, 1A2  CYP2D6 (inhibition, ++) 
 Fluoxetine  CYP2C9, 2C19, 2D6, 3A4  CYP1A2 (inhibition, +) 

 CYP2C9 (inhibition, ++) 
 CYP2C19 (inhibition, +) 
 CYP2D6 (inhibition, +++) 
 CYP3A4 (inhibition, +) 

 Fluvoxamine  CYP1A2, 2D6  CYP1A2 (inhibition, +++) 
 CYP2C9 (inhibition, ++) 
 CYP2C19 (inhibition, +++) 
 CYP2D6 (inhibition, +) 
 CYP3A4 (inhibition, ++) 

 Mirtazapine  CYP1A2, 2D6, 3A4  None reported 
 Nefazodone  CYP3A4  CYP2D6 (inhibition, +) 

 CYP3A4 (inhibition, +++) 
 Paroxetine  CYP2D6, 3A4  CYP1A2 (inhibition, +) 

 CYP2C9 (inhibition, +) 
 CYP2C19 (inhibition, +) 
 CYP2D6 (inhibition, +++) 
 CYP3A4 (inhibition, +) 

 Sertraline  CYP2C9, 2C19, 2D6, 3A4  CYP1A2 (inhibition, +) 
 CYP2C9 (inhibition, +) 
 CYP2C19 (inhibition, +) 
 CYP2D6 (inhibition, ++) 
 CYP3A4 (inhibition, +) 

 Venlafaxine  CYP2D6, 3A4  CYP2D6 (inhibition, +) 
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intermediate metabolizers [ 6 ]. We have previously showed that the potent inhibitory 
effect of the CYP2D6 substrate paroxetine was minimal in an ultrarapid metabolizer 
of CYP2D6 (with a genotype of  CYP2D6*2 × 2/*9 ), as the subject eliminated parox-
etine at an exceeding rapid rate, resulting in undetectable concentration after chronic 
dosing of 10 mg per day for 8 days and lack of any inhibitory effect towards CYP2D6 
[ 7 ]. Genetic polymorphism in CYP2C19 was also shown to infl uence effi cacy and 
side effects of citalopram. After analyzing the samples in non-Hispanic Whites from 
the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trial, Mrazek 
et al. reported that CYP2C19 poor metabolizer were more likely to experience remis-
sion ( P  = 0.03) as well as having a trend of lower tolerance ( P  = 0.06) [ 8 ]. As such, 
this potential impact on effi cacy and tolerance could also occur with CYP2C19 
extensive metabolizer or ultrarapid metabolizer receiving concurrent citalopram and 
CYP2C19 inhibitor such as omeprazole [ 9 ]. 

18.2.1     Antidepressants and Antiviral Agents 

 The use of pegylated interferon alpha (peg-interferon alpha) in the management of 
patients with hepatitis C virus has been reported to result in psychiatric symptoms 
including depressed mood [ 10 ,  11 ], and it is not uncommon to have antidepressants 
prescribed concurrently with directly acting antiviral agents such as telaprevir and 
boceprevir, which is part of a standard triple therapy consisting also of peg- interferon 
alpha and ribavirin. Currently, only escitalopram has level 1 evidence for treatment 
or prevention of depression in patients undergoing HCV treatment [ 11 ]. 

 Metabolism of the directly acting antiviral agents is metabolized by the cyto-
chrome P-450 enzymes, and hence, the potential of drug interaction exists with 
antidepressant therapy. Chronic dosing of telaprevir 750 mg every 8 h reduced 
multiple- dose escitalopram (10 mg daily) AUC by 35 %, whereas multiple dosing 
of boceprevir 800 mg three times per day caused a 21 % decrease in escitalopram 
AUC after a single 10 mg dose. The precise mechanism of the interaction is not 
clear, although it could be related to the induction of CYP2C19 and/or CYP3A4 
responsible for escitalopram metabolism. The results of the two pharmacokinetic 
reports suggest that the escitalopram dosing might need to be higher in patients 
receiving concurrent therapy with either agent. Alternatively, antidepressants that 
are more selectively metabolized by CYP2D6 could be used as alternate antidepres-
sants, since neither telaprevir nor boceprevir appear to possess CYP2D6 modulation 
effect. Likewise, reduction in systemic exposure of other SSRIs such as paroxetine 
and fl uoxetine had also been reported with concurrent administration of HIV prote-
ase inhibitors. Even though there is no data to suggest reduced exposure leads to 
decreased effi cacy, clinicians need to be aware of such interaction potential. 

 Lorenzini et al. recently described a case of serotonin syndrome as a result of 
drug-drug interaction in a 46-year-old patient with depression and coinfected with 
human immunodefi ciency virus and hepatitis C virus [ 12 ]. The patient was initially 
admitted to the hospital for treatment of peritonitis and evaluation as a liver transplant 
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candidate. Her depression had been treated with escitalopram 10 mg twice daily for 
5 years. Ten days after being admitted to the hospital, she was started on 40 mg 
esomeprazole daily for the management of gastroesophageal refl ux. Three days later, 
she was also started on a regimen of antiretroviral drugs consisting of darunavir 
600 mg twice daily, ritonavir 100 mg twice daily, and a combination pill of 200 mg 
emtricitabine and 245 mg tenofovir. Four days after the addition of the antiretroviral 
regimens, the patient presented with nausea and confusion, and based on the presence 
of diaphoresis, mydriasis, myoclonus, deep tendon hyperrefl exia and rigidity, she 
was diagnosed with serotonin syndrome and escitalopram was discontinued. The 
patient’s clinical course improved 1 day after discontinuance of the antidepressant. 

 To elucidate the mechanistic basis of the clinical course, determination of the 
patient’s escitalopram concentrations, CYP2C19 and CYP2D6 genotypes, as well 
as CYP2C19, CYP2D6, and CYP3A4/5 metabolic phenotypes, were performed, 
since all three isoenzymes contribute to escitalopram elimination [ 13 ]. The avail-
ability of two blood samples (1 at 3 days prior to initiation of esomeprazole and 
another 1 at 2 days after starting esomeprazole) for laboratory determination of 
escitalopram concentrations showed a dramatic difference in values: 52 nmol/L and 
619 nmol/L, respectively (normal range: 40–250 nmol/L). Twelve hours after 
receiving her last dose of the antidepressant, the patient’s escitalopram concentra-
tion remained elevated at 695 nmol/L. Serial concentration measurements over the 
next 5 days showed a prolonged elimination half-life of 67–69 h compared to the 
usual range of 27–33 h. In addition, DNA analysis revealed the patient having the 
genotypes of  CYP2C19*1/*2  and  CYP2D6*5/*10  and metabolic phenotyping 
results corresponding to that for a CYP2C19 intermediate metabolizer, a CYP2D6 
poor metabolizer, as well as one with reduced CYP3A4/5 activity. 

 This unfortunate case illustrates the complexity of a drug-drug interaction in the 
presence of genetic defi ciency in metabolic enzyme activity. The patient’s CYP2C19 
enzyme activity was much lower due to both the presence of the CYP2C19 inhibitor 
esomeprazole [ 14 ] and the defective  CYP2C19*2  allele. The elimination of escita-
lopram is further impaired by low CYP3A4 activity in the presence of ritonavir [ 15 ] 
and low CYP2D6 activity as a result of genetic polymorphism. The end result was 
a doubling in escitalopram elimination half-life with signifi cantly elevated concen-
trations. Since escitalopram is commonly used to treat depression in this patient 
population [ 11 ] who commonly receive CYP2C19 and CYP3A4 modulators (pro-
ton pump inhibitors and ritonavir-based boosted antiretroviral regimen, respec-
tively), clinicians need to be highly alert of these drug interactions.  

18.2.2     Antidepressants and Tamoxifen 

 The antiestrogen tamoxifen is an important and effective endocrine therapy for 
patients with estrogen-receptor-positive breast cancer. It is essentially a prodrug, 
requiring conversion to active metabolites, in particular endoxifen, for its thera-
peutic effect. The metabolic conversion is mediated by CYP isoenzymes, with 

18 Clinically Signifi cant Interactions with Antidepressants



456

CYP2D6 playing a vital role in the formation of endoxifen [ 16 ]. Not surprisingly, 
drug- induced CYP2D6 modulation could affect signifi cantly the amount of 
endoxifen formed in individual patients, and potentially the therapeutic effect of 
tamoxifen in breast cancer [ 17 ,  18 ]. 

 Both SSRIs and SNRIs are commonly prescribed to patients receiving tamoxifen 
therapy, not only for treating depressive symptoms but also for managing hot 
fl ashes, a common consequential occurrence with tamoxifen treatment that could 
affect the patient’s adherence to the tamoxifen regimen. Not surprisingly, potent 
CYP2D6 inhibitors such as fl uoxetine and paroxetine resulted in the greatest effect, 
with up to 66 % reduction in the amount of endoxifen concentration [ 19 ], and 
reportedly associated with decreased tamoxifen effi cacy [ 20 ]. Consequently, it 
seems prudent to avoid the concurrent use of potent CYP2D6 inhibitors in tamoxifen- 
treated patients, as is recommended by  clinical guideline as well as regulatory 
agency . When antidepressant treatment is warranted, weaker CYP2D6 inhibitors 
such as citalopram and venlafaxine should be considered to achieve the therapeutic 
objective of managing hot fl ashes with minimal infl uence on the amount of 
 endoxifen [ 19 ].  

18.2.3     Antidepressants with Beta-Blockers 

 With growing evidence of increased mortality and negative clinical outcomes in 
patients with chronic heart failure and concomitant depression [ 21 ], there is an 
increased trend of using antidepressants in this patient cohort [ 22 ]. Patients with 
heart failure are commonly prescribed beta-blockers, and it is important to take into 
consideration the potential interaction between potent CYP2D6 inhibitors and beta- 
blockers that are primarily metabolized by CYP2D6, e.g., metoprolol [ 23 – 27 ], 
carvedilol [ 28 ], and nebivolol [ 29 ]. On the other hand, the importance of CYP2D6 
inhibition would depend on the overall contribution of the enzyme to the elimina-
tion of the affected drug. Even though propranolol also depends on CYP2D6 for 
metabolism, other metabolic enzymes and pathway, such as CYP1A2 and gluc-
uronidation, are more important for its elimination, so the signifi cance of CYP2D6- 
mediated drug interaction is much less. On the other hand, one would expect the 
potent CYP1A2 inhibitory effect of fl uvoxamine to increase propranolol plasma 
concentration and pharmacological effect.  

18.2.4     Antidepressants with Immunosuppressants 

 Patients with end-stage heart failure could be candidates for heart transplanta-
tion. Although depression occurrence appeared to decrease during the fi rst year 
after heart transplantation, it often reappears in the following year necessitating 
initiation or continuation of antidepressant treatment [ 21 ]. The use of antidepres-
sants in posttransplantation patients also poses drug interaction potential with 
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immunosuppressants for the prevention of organ rejection. Immunosuppressants 
such as cyclosporine, sirolimus, and tacrolimus are primarily metabolized by 
CYP3A4; therefore, concurrent use of antidepressants that are substrates or 
inhibitor of this CYP isoenzyme could result in higher plasma concentrations of 
these immunosuppressants and potentially drug-related toxicities and even pos-
sibly increased incidence of infections. Fortunately, the common practice of 
therapeutic drug monitoring of immunosuppressant therapy with necessary dos-
age adjustment minimizes the occurrence of clinically signifi cant drug interac-
tion. Based on differential inhibitory effect on CYP3A4 [ 30 ], nefazodone would 
be the antidepressant most likely to cause signifi cant drug interaction and should 
be avoided.  

18.2.5     Antidepressants with Statins 

 Many diabetic patients have abnormal lipid profi le and are managed with statins. In 
the setting of concurrent diabetes and depression, the clinical course of diabetes has 
been suggested to worsen [ 31 ,  32 ], possibly due to decreased desire on the part of 
the patient to adhere to proper dietary modifi cation, exercise, lifestyle changes, and 
medication adherence. The antidepressant of choice may be limited by the undesir-
able weight gain associated with the tricyclic antidepressants and mirtazapine [ 33 –
 35 ]. On the other hand, the SSRIs are safe but possess drug interaction potential that 
could increase adverse effect associated with statin use. 

 Most statins with the exception of fl uvastatin, pravastatin, and rosuvastatin are 
primarily metabolized by CYP3A4. Therefore, antidepressant with potent CYP3A4 
inhibitory effect would decrease statin metabolism and increase its associated 
adverse effects. Although the incidence of statin-induced severe adverse event like 
rhabdomyolysis is rare, the risk is signifi cantly increased in the presence of CYP3A4 
inhibition. While it is a common occurrence that drug interaction usually occurs 
when the inhibitor is added to a regimen of the affected drug, Karnik and Maldonado 
[ 36 ] reported an interesting case in which the addition of simvastatin to a patient 
stabilized on nefazodone resulted in rhabdomyolysis. The patient had been treated 
with nefazodone 150 mg twice daily for years with no side effects. However, after 
she had taken 40 mg of simvastatin for a month, she presented to the hospital with 
clinical picture and laboratory profi le consistent with rhabdomyolysis. Withholding 
of both medications resulted in greater than 60 % decrease in creatine kinase and 
30–40 % decreases in serum transaminases over 3 days. The nefazodone regimen 
was restarted, and the patient was referred to the primary care physician for alterna-
tive lipid-lowering therapy. This case not only demonstrated a predictable drug 
interaction between the CYP3A4 substrate simvastatin and the inhibitor nefazo-
done, but it also illustrated the concept of the drug inhibition magnitude is dose 
dependent, as the patient had been receiving 20 mg daily of simvastatin with nefazo-
done with no evidence of drug interaction or occurrence of side effect. Other than 
CYP-mediated inhibition as the most likely mechanism of the drug interaction, 
there could also be modulation of organic anion transporting polypeptide-mediated 
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uptake of the statin into the hepatocyte, as simvastatin is a well-known substrate of 
the organic anion transporting polypeptide. However, as indicated in the following 
section, there is very little information on drug interaction between antidepressants 
and substrates of drug uptake transporters.   

18.3     Antidepressant Interactions with Drug Transporters 

 Drug transporters are present at many biological membranes, including the blood- 
brain barrier, the intestinal epithelial cells, the hepatocytes, and the renal tubular 
cells. These drug transporters are broadly divided into two classes: the effl ux trans-
porters (also known as adenosine triphosphate-binding cassette [ABC] transporters, 
and multidrug resistance [MDR] transporters), and the uptake transporters (also 
known as solute-linked carrier [SLC] transporters). The well-characterized and 
well-studied effl ux transporters are ABCB1 (also known as P-glycoprotein [Pgp] or 
MDR1), ABCC1 (multidrug resistance-associated protein 1 [MRP1]), ABBC2 
(multidrug resistance-associated protein 2 [MRP2]), and ABCG2 (breast cancer 
resistance protein [BRCP]). The better-known uptake transporters are organic anion 
transporting polypeptides (OATPs), organic cation transporters (OCTs), and organic 
anion transporters (OATs). 

18.3.1     ABCB1 

 As is the case for the cytochrome drug-metabolizing enzymes, drugs that interact 
with ABC transporters can be classifi ed as substrates, inducers, or inhibitors. Based 
on in vitro measurements and animal studies comparing brain concentrations of 
antidepressants in knockout versus wild-type mice such as those conducted for ven-
lafaxine [ 37 – 39 ], the antidepressants that have been identifi ed as substrates for 
ABCC1 are listed in Table  18.2 , as opposed to those with more confl icting data such 
as citalopram and fl uoxetine. SSRIs such as paroxetine and sertraline have been 
reported to inhibit ABCB1 [ 40 ], and paroxetine have been shown in a case report to 
inhibit ABCB1 in the blood-brain barrier, resulting in digitalis toxicity with occur-
rence of symptoms such as delirium, disorientations, and visual hallucinations [ 41 ]. 
The beta-blocker carvedilol is a substrate for ABCB1 [ 42 ]; however, in contrast to 
the predictable effect of paroxetine and sertraline on the metabolism of carvedilol, 
their impact on its transport has not been studied.

   The presence of ABCB1 on the intestinal epithelial cells can impair drug absorp-
tion of orally administered drugs. St. John’s wort ( Hypericum perforatum ) is 
increasingly being used as a natural remedy for management of mild to moderate 
depression [ 43 ], and clinical studies have shown the therapeutic effect of the extracts 
of  Hypericum perforatum . Available evidence suggests that hyperforin, one of the 
main constituents of St. John’s wort, induces the activation of the pregnane X recep-
tor, which eventually leads to increasing expression of different genes including 
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 ABCB1 ,  CYP3A4 , and  CYP2C9 . As a result of its ability to induce ABCB1 as well 
as cytochrome P-450 isoenzymes such as CYP3A4, CYP1A2, and CYP2C9 
[ 44 – 46 ], St. John’s wort has the potential to interact with, resulting in reduced 
absorption and lower systemic availability of a wide range of medications, includ-
ing digoxin (ABCB1 induction) [ 47 ], cyclosporine with resultant organ rejection 
after transplantation (ABCB1 and CYP3A4 induction) [ 48 ], warfarin with resultant 
decreased international normalized ratio (CYP2C9, CYP3A4, and CYP1A2 induc-
tion) [ 46 ,  49 ,  50 ], the anticancer drug imatinib (CYP3A4 induction) [ 51 ], and anti-
retroviral agents such as indinavir (ABCB1 and CYP3A4 induction) [ 52 ]. 

 In addition, literature data from a PET study using labeled verapamil suggests 
increased ABCB1 activity in depressed patients receiving antidepressants relative to 
healthy controls [ 53 ], although the increased activity could be due to the drug treat-
ment and not to the disease per se. Nevertheless, ABCB1-mediated effl ux of antide-
pressants and/or concurrent administration of ABCB1 modulators could infl uence 
the systemic absorption, as well as the amount of specifi c antidepressant substrate 
crossing the blood-brain barrier and be of clinical relevance in the treatment of 
depression. For example, the ABCB1 inhibitor itraconazole had been shown to 
increases the bioavailability of paroxetine [ 54 ]. Likewise, it is intriguing regarding 
the possibility that concurrent administration of ABCB1 inhibitor or substrate (e.g., 
risperidone) could affect the expression of, or compete for, ABCB1 at the blood- 
brain barrier and increase antidepressant concentrations [ 55 ] (e.g., sertraline) or 
augment their therapeutic effect in treatment-resistant patients [ 56 ]. However, 
 currently, there is little clinical evidence to support the relevance of modulation of 
effl ux transporters at the blood-brain barrier [ 57 ].  

18.3.2     OATPs 

 In contrast to ABCB1, human OATPs are uptake transporters that facilitate hepatic 
uptake of drugs into the hepatocytes for metabolism or biliary secretion, and they 
were discovered much more recently. A total of 11 OATP transporters have been 

   Table 18.2    Selected examples of substrates and modulators of ABCB1   

 Selected pharmacological 
classes 

 Anticancer drugs  Doxorubicin, imatinib, methotrexate, paclitaxel, vinblastine, 
vincristine 

 Antidepressants  Amitriptyline, nortriptyline, paroxetine, venlafaxine 
 Antipsychotics  Risperidone 
 Antiretroviral drugs  Amprenavir, indinavir, lopinavir, nelfi navir, ritonavir, saquinavir 
 Cardiovascular drugs  Amiodarone, digoxin, diltiazem, verapamil 
 Beta-blockers  Carvedilol 
  Selected inhibitors   Amiodarone, cyclosporine, nifedipine, verapamil 
  Selected inducers   Rifampin, St. John’s wort 

18 Clinically Signifi cant Interactions with Antidepressants



460

characterized and grouped into six families, with OATP1A2, OATP1A1, OATP1B3, 
and OATP2B1 as the most studied [ 58 ]. Compared to ABCB1, only a few substrates 
have been identifi ed for OATPs [ 59 ], none of which is psychotropic, despite the 
fi ndings that OATP1A2 and OATP1C1 are present in the brain [ 60 ,  61 ].  

18.3.3     OCTs 

 Three OCTs have been identifi ed in humans: OCT1 (also known as human OCT1 
[hOCT1]), OCT2 (also known as human OCT2 [hOCT2]), and OCT3 (also known 
as human OCT3 [hOCT3]), all of which belong to the SLC22A family. OCT1 and 
OCT2 are primarily expressed in the hepatocytes and the kidney, respectively, 
whereas OCT3 is expressed in the intestinal epithelium, in addition to being 
expressed in hepatocyte and the kidney, albeit to a lesser extent. Interestingly, litera-
ture data suggest that OCT2 and OCT3 are expressed in the brain [ 62 ] and the 
monoamines are also transported by the OCTs [ 63 – 65 ], in addition to being trans-
ported by high-affi nity neuronal plasma membrane transporters (e.g., serotonin 
transporters and norepinephrine transporters). 

 Despite the above fi ndings [ 62 – 65 ], very little is known about whether there is 
any interaction between psychotropics and the human OCTs. As a fi rst step to elu-
cidate potential modulation of human OCTs by psychotropics, Haenisch et al. 
recently conducted an in vitro study to evaluate extent of inhibitory effect of differ-
ent antidepressants and antipsychotic drugs at the three human OCTs. The results 
indicated that for antidepressants, desipramine, fl uoxetine, nefazodone, and trimip-
ramine showed appreciable inhibitory effect at OCT1, and despite relatively low 
OCT1 expression in the brain, there exist the potentials for these antidepressants to 
interfere with OCT-mediated transport of drugs such as metformin. Among the anti-
depressants studied, bupropion and nefazodone showed modest inhibitory effect at 
OCT2 and OCT3, respectively, and suggest that at clinically relevant doses, these 
two antidepressants could interfere with drug transport mediated by these two 
OCTs [ 66 ]. The clinical signifi cance of these fi ndings is currently unknown, and 
in vivo and human drug interaction studies are needed in the future to substantiate 
these in vitro fi ndings.   

18.4     Pharmacodynamic Drug Interactions 

 Pharmacodynamic interactions independent of pharmacokinetic mechanism usu-
ally involve synergistic or antagonistic effect at the receptor level, for example, 
between selective serotonin reuptake inhibitors and drugs that affect serotonergic 
neurotransmission and between SNRIs (such as duloxetine, venlafaxine) with 
those affecting both serotonergic and noradrenergic neurotransmission. Not sur-
prisingly, tertiary amine tricyclic antidepressants and mirtazapine have higher 
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incidence of pharmacodynamic interactions based on their action at multiple 
receptors and transporters. Likewise, MAOIs can interact with multiple drugs that 
affect noradrenergic, dopaminergic, and serotonergic neurotransmission. 

 However, given the potential consequence of antidepressant pharmacodynamic 
interactions, including hypertensive crisis or serotonin syndrome, the evaluation of 
such interactions in humans is not as straightforward as pharmacokinetic drug-drug 
interactions with measurable endpoint such as change in concentration of the 
affected drug. In addition, the occurrence of potentially serious adverse event also 
poses an ethical concern. For these reasons, literature reports on pharmacodynamic 
drug-drug interactions are frequently based on case reports with explanation based 
on extrapolation from mechanisms of action of the interacting drugs. 

18.4.1     Serotonin Syndrome 

 One of the most signifi cant risks associated with antidepressant use is overstimulation 
of serotonergic neurons as a result of drug-drug interaction. The serotonin syndrome 
is a serious condition that potentially can result in fatality. It is usually caused by 
increased serotonin stimulation [ 67 ]. The most common pharmacological interven-
tion that results in serotonin syndrome is the concurrent use of drugs that enhance 
central serotonergic activity, most commonly among selective serotonin reuptake 
inhibitors, serotonin/norepinephrine reuptake inhibitors, and tricyclic antidepressants 
(Table  18.3 ). Although the reversible selective monoamine oxidase inhibitor 
moclobemide had been reported to produce a fatal case of serotonin syndrome when 
administered together with citalopram in a patient [ 68 ], a recent phase IV multicenter 
retrospective cohort study reported no increase in toxicity when rasagiline, a selective 
monoamine oxidase type B inhibitor was combined with a variety of different antide-
pressants [ 69 ]. Similarly, although the FDA had issued an alert on the combination of 

   Table 18.3    Selected examples of medications with serotonergic properties that may precipitate 
serotonin syndrome   

 Selected pharmacological classes 

 Analgesics  Fentanyl, meperidine, tramadol 
 Antibiotics  Linezolid, tedizolid (approved in 2014) 
 Antitussive agents and cold 
products 

 Dextromethorphan, ephedrine, pseudoephedrine, 
phenylephrine 

 Monoamine oxidase inhibitors  Phenelzine, selegiline (oral formulation), tranylcypromine 
 Selective serotonin reuptake 
inhibitors 

 Citalopram, escitalopram, fl uvoxamine, fl uoxetine, 
paroxetine, sertraline 

 Serotonin norepinephrine reuptake 
inhibitors 

 Duloxetine, venlafaxine 

 Tricyclic antidepressants  Amitriptyline, clomipramine, desipramine, doxepin, 
imipramine, nortriptyline 

 Other antidepressants  Bupropion, St. John’s wort 
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triptans with either selective serotonin reuptake inhibitors or serotonin/norepinephrine 
reuptake inhibitors, triptans have no known effects at the 5-HT 2  receptors, and the role 
of triptans, if any, in causing serotonin syndrome, has not been established. A litera-
ture review of the purported evidence suggested that the combination has been taken 
by millions of patients without any known adverse consequences related to the sero-
tonin syndrome [ 70 ].

   The oxazolidinone antibiotic linezolid is currently used for the treatment of 
infections with susceptible strains of methicillin-resistant  Staphylococcus aureus  or 
vancomycin-resistant  Enterococcus . In addition to its antibacterial property, line-
zolid also exhibits mild reversible nonselective inhibition of monoamine oxidase 
and actually was originally discovered as a psychotropic agent with antidepressant 
effects. After its approval in the United States, several reports of serotonin syn-
drome have emerged [ 71 ,  72 ]. Taylor et al. conducted a retrospective study and 
reported a 3 % incidence of serotonin toxicity in patients treated with a combination 
of linezolid and selective serotonin reuptake inhibitors or venlafaxine. The time 
course of the drug interaction in most patients had an onset of symptoms that ranged 
from less than 24 h to 3 weeks of co-administration and resolution of symptoms that 
ranged from 1 to 5 days once one or both of the drugs were discontinued [ 73 ]. 
Another report described the occurrence of serotonin syndrome with concurrent 
administration of linezolid 600 mg twice daily and 150 mg daily of venlafaxine in 
an 85-year-old patient with an infected total hip joint prosthesis [ 74 ]. Given the low 
incidence of this drug interaction [ 73 ], linezolid co-administration with serotoner-
gic drugs probably should not be considered an absolute contraindication. However, 
clinicians need to be aware of the potential adverse effects when considering the 
utility of this MAOI antibiotic for patients with susceptible pathogens. 

 Concurrent administration of serotonergic antidepressants and atypical antipsy-
chotics is a common practice for managing psychotic depression, and serotonin 
syndrome has been reported in elderly patients with coexisting depression and psy-
chosis in a 69-year-old male patient who received a combination regimen of trazo-
done, risperidone, and sertraline and a 72-year-old female patient treated with 
phenelzine and quetiapine. In both patients, symptoms disappeared within 24 h of 
discontinuation of the psychotropics that were implicated in the occurrence of the 
serotonin syndrome [ 75 ]. 

 It is not uncommon for chronic pain and depression to coexist in the same patient, 
and tramadol is sometimes preferred in place of more potent analgesics. Tramadol 
also possesses serotonergic properties and concurrent administration of a selective 
serotonin reuptake inhibitor and tramadol could potentially result in increased sero-
tonin stimulation and precipitate the serotonin syndrome. A total of nine case reports 
of serotonin syndrome occurring with co-administration of tramadol and therapeu-
tic doses of selective serotonin reuptake inhibitors (citalopram, fl uoxetine, parox-
etine, and sertraline) have been published over a span of about 12 years. The 
tramadol dosage regimens documented in these case reports ranged from 50 mg 
daily for a few days to 400 mg per day on a chronic basis [ 76 ]. 

 In addition to acting on the opioid receptor, tramadol also inhibits the reuptake 
of serotonin and norepinephrine. Nevertheless, the magnitude of inhibition of the 
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serotonin reuptake transporter by tramadol is weak. Therefore, by itself, tramadol 
likely have a low potential to cause serotonin toxicity. Given that tramadol is 
metabolized by the cytochrome P-450 isoenzyme CYP2D6, the activity of which 
is variably inhibited by different SSRIs, the potential exists for a pharmacokinetic 
interaction involving CYP2D6 inhibition and/or the presence of poor metabolizer 
status for CYP2D6 .  A study showed that paroxetine, the most potent CYP2D6 
inhibitor of the available selective serotonin reuptake inhibitors [ 4 ], produced a 
37 % increase in systemic exposure of tramadol with a corresponding 67 % 
decrease in the extent of formation of M1 metabolite of tramadol [ 77 ]. The resul-
tant decrease in tramadol metabolism would result in enhanced serotonergic activ-
ity within the brain and potentially serotonin syndrome. Indeed, a patient who 
carries two mutations affecting the  CYP2D6  gene and  CYP2C19  gene with corre-
sponding low enzyme activities and prescribed concurrent citalopram (10 mg/day) 
and tramadol (50 mg/day) was reported to have increased concentrations of both 
drugs and exhibit the serotonin syndrome [ 78 ]. 

 Therefore, if concurrent drug administration with tramadol is needed for a 
patient, a selective serotonin reuptake inhibitor with the least CYP2D6 inhibitory 
effect, for example, citalopram, sertraline, and venlafaxine, should be considered, as 
well as using lower dose of tramadol. Likewise, a patient who does not benefi t from 
appropriate analgesic dosage regimen of tramadol could be a poor metabolizer of 
CYP2D6, and alternative analgesic might be necessary to avoid the potential of 
serotonin syndrome secondary to accumulation of tramadol. 

 Increased serotonergic activity can also occur as a sole result of pharmacokinetic 
drug-drug interaction. Four HIV-infected patients receiving a combination of fl uox-
etine (20–40 mg per day) and antiretroviral agents (protease inhibitors and non- 
nucleoside reverse transcriptase inhibitors) were evaluated for symptoms consistent 
with serotonin syndrome at an HIV outpatient clinic. After dose reduction or dis-
continuance of the fl uoxetine regimen, the symptoms disappeared and all patients 
improved clinically. The occurrence of the syndrome was attributed to be increased 
fl uoxetine concentrations secondary to inhibition of its metabolism by the antiretro-
viral regimens [ 79 ].  

18.4.2     Hypertensive Crisis 

 Another well-described drug-drug interaction involves the monoamine oxidase 
inhibitors and the sympathomimetic amines, which could result in hypertensive cri-
sis similar to the cheese reaction that occurred with a combination of monoamine 
oxidase inhibitors and aged cheese or other products containing the pressor agent 
tyramine (red wine, fermented foods) (Fig.  18.1 ) [ 80 ]. In general, direct-acting sym-
pathomimetic agents such as α-adrenergic agonists and β-adrenergic agonists are 
considered less dangerous for this drug-drug interaction than indirect-acting sympa-
thomimetic agents such as ephedrine and pseudoephedrine. Given the pharmaco-
logical profi le of linezolid, Cantarinin et al. had demonstrated in a placebo-controlled, 
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three-period crossover study its capacity to elicit a pressor response similar to that 
of moclobemide. In 12 healthy volunteers, single dose of 600 mg linezolid and 
300 mg of moclobemide produced a signifi cantly greater pressor activity than pla-
cebo [ 81 ]. The transdermal formulation of selegiline, an inhibitor of monoamine 
oxidase type B, had been shown to provide antidepressant effect without the harm-
ful pressor consequences and could be used as an alternative when therapy with a 
monoamine oxidase inhibitor is desired [ 82 ]. Similarly, to avoid signifi cant increases 
in blood pressure in linezolid-treated patients who require a decongestant product, 
topical nasal decongestants such as oxymetazoline should be considered instead of 
systemic decongestants-containing compounds such as pseudoephedrine.

18.5         Summary 

 With coexisting medical conditions and an increasing number of medications for 
their management, the potential of drug-drug interactions encountered in clinical 
setting continues to be a major concern. Depression is common among patients with 
different medical diseases such as cancer, AIDS, and cardiovascular disorders. This 
chapter outlines the pharmacological basis of the relevant pharmacokinetic and 
pharmacodynamic interactions reported in the literature. While not every potential 
interaction is clinically signifi cant, understanding the pharmacokinetic and pharma-
codynamic mechanisms would enable a clinician to anticipate such event and take 
the appropriate step to either prevent or minimize the adverse consequences.     

To
systemic
circulation
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Intestinal wall

Liver

Portal vein 

Hepatic vein 

In the presence of monoamine oxidase inhibitor at
peripheral sites such as intestinal mucosal cells, inhibition
of monoamine oxidases will result in more unmetabolized
tyramine entering the systemic circulation.  The increased
amount of tyramine competitively displace norepinephrine 
from adrenergic neurons, leading to a sudden elevation in
blood pressure 
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Dietary
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  Fig. 18.1    Mechanism of cheese reaction resulting from tyramine ingestion and monoamine oxi-
dase inhibitor administration       
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    Chapter 19   
 Clinically Signifi cant Interactions with 
Benzodiazepines                     

       Jose     Valdes      ,     Douglas     L.     Boggs      ,     Angela     A.     Boggs      , and     Jose     A.     Rey     

    Abstract     Benzodiazepines are a class of lipophilic compounds used for a variety 
of indications including anxiety disorders, insomnia, epilepsy, musculoskeletal dis-
orders, and as sedatives during surgery. The chemical nucleus of each benzodiaze-
pine as well as their pharmacodynamic activity is identical. However, alterations to 
this basic structure lead to numerous benzodiazepines with different pharmacoki-
netic properties and lipid solubility resulting in agents with differing rates of elimi-
nation, concentrations, volumes of distribution, and potencies. In this chapter we 
will review the varied kinetics of available benzodiazepines and discuss the meta-
bolic pathways leading to excretion of these medications. This review includes the 
enzymes (Phase I and Phase II) responsible for metabolism of the parent compound 
and their intermediates. We also review the pharmacologic and pharmacokinetic 
activity of the intermediate metabolites. Furthermore we will identify pharmacoki-
netic interactions of benzodiazepines including: drug-drug interactions, 
P-gylcoprotein interactions, protein-binding interactions, and food/herbal interac-
tions. Other factors that may require alterations in benzodiazepine dosing such as 
weight, sex, age, smoking status, genetic polymorphisms, and pharmacokinetic 
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interactions will similarly be discussed. Finally we will identify the clinical moni-
toring that is required for individuals being prescribed benzodiazepines including 
respiratory depression, sedation, and withdrawal. The goal of this chapter is to give 
the reader a background of the factors that should be considered when choosing or 
monitoring the available benzodiazepines in clinical practice.  

  Keywords     Benzodiazepines   •   Pharmacokinetics   •   Metabolism   •   Drug 
interactions   

19.1      Background 

 Early into the 1930s, a young pharmacist and postgraduate student by the name of 
Leo Sternbach synthesized several heptoxdiazine compounds in an attempt at devel-
oping synthetic dyes. Unbeknownst to him, these compounds Dr. Sternbach would 
revisit approximately three decades later, would serendipitously lead to the fi rst 
anxiolytic benzodiazepine introduced for clinical use (Librium) and then one of the 
best-selling prescription drugs of all time (Valium) three years later [ 1 ]. 
Benzodiazepines are a class of lipophilic compounds used for a variety of indica-
tions including anxiety disorders, insomnia, epilepsy, musculoskeletal disorders, 
and as sedatives during surgery. The chemical nuclei of all benzodiazepines are 
identically composed of a seven-membered 1,4-diazepam ring, leading to similar 
effects of promoting binding of γ-aminobutyric (GABA) at the GABA A  receptors 
allosterically. Several additions/substitutions to this basic structure at the benzene 
and/or diazepine ring (such as a nitro or halogen group in the seven position for 
sedative effects) lead to a number of compounds with different pharmacokinetic 
properties and lipid solubility resulting in agents with differing rates of elimination, 
concentrations, volumes of distribution, potencies, presence of active metabolites, 
duration of action, and time to onset of clinical effect [ 2 ]. Due to the fact that ben-
zodiazepines can vary so greatly, the unique profi le of the benzodiazepine should be 
considered when selecting the optimal agent for a particular patient. In this chapter 
we will review the pharmacokinetic properties of the different benzodiazepines as 
well as highlight interactions with other agents.  

19.2     Pharmacokinetics of Benzodiazepines 

 Upon ingestion, benzodiazepines are rapidly and extensively absorbed from the GI 
tract, except for clorazepate due to decarboxylation in gastric secretions. 
Bioavailabilities vary between agents from approximately 80 to 100 % (except for 
midazolam which is metabolized by CYP3A5 in the intestinal epithelial tissue 
reducing bioavailability by up to 50 %) and times to peak concentration ranging 
from minutes to hours [ 3 ]. The length of time for the onset of action is determined 
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by the rate of absorption from the GI tract, as opposed to the duration of action, 
which is determined by the rate of elimination and clearance as well as rate and 
extent of drug distribution. As benzodiazepines equilibrate with brain tissue after 
crossing the blood brain barrier due to their lipophilicity, a constant brain to plasma 
ratio is maintained. Concentrations in the serum refl ect a proportion of concentra-
tion of benzodiazepine in the brain. This proportion is created due to the extent of 
receptor occupancy, which dictates the behavioral effect [ 4 ]. Following a dose of a 
benzodiazepine as it is absorbed and distributed from the plasma to other compart-
ments (e.g., fat, skeletal muscle, liver), the two principal metabolic pathways of 
benzodiazepines convert the dose into a less lipophilic compound. Either hepatic 
microsomal oxidation and subsequent  N -dealkylation or aliphatic hydroxylation and 
glucuronide conjugation ensure most metabolites become water soluble to allow for 
excretion through the kidneys and elimination from the body. While some benzodi-
azepines can be directly conjugated to inactive metabolites (Phase II reactions), the 
majority undergo initial modifi cation by oxidation in hepatocytes through the cyto-
chrome P450 (CYP) enzyme system (phase I reactions). Most benzodiazepines are 
metabolized via the CYP3A4 or CYP2C19 enzymes (see Fig.  19.1 ); however other 
cytochromes play a role in the metabolism of benzodiazepines as well (e.g., 
CYP1A2, CYP2D6, CYP2C9, CYP3A5) [ 5 ]. The metabolism of a benzodiazepine 
is complicated by its lipophilicity and therefore must follow two- compartment dis-
position kinetics resulting in two half-lives. The initial half-life (alpha) is the rate at 
which the medication moves from central to peripheral compartments; the second 
(longer) half-life (beta) is the rate of metabolism and excretion of the medication. 
Multiple doses of benzodiazepines can lead to accumulation, which can especially 
occur in benzodiazepines that have active metabolites with longer half-lives than the 
parent compound. The accumulation of benzodiazepines depends on the time of 
administration and the alpha and beta half-lives of each benzodiazepine and phar-
macologically active metabolites [ 6 ]. Due to the differences in the pharmacokinetics 
and pharmacodynamics of the various benzodiazepines, one must consider multiple 
factors prior to prescribing or recommending a medication to achieve the desired 
effect and to maximize patient safety. Some factors to consider are potency (which 
can vary by as much as 20-fold), oral absorption rates, duration of action/half-life, 
and drug interactions which can increase or decrease serum levels signifi cantly [ 3 ].

19.3        Benzodiazepines Metabolized by Primarily Phase 
I Reactions 

  Alprazolam (Niravam, Xanax, Xanax XR)     (8-chloro-1-methyl-6-phenyl-4 H -[ 1 , 
 2 ,  4 ]triazolo [4,3-a] [ 1 ,  4 ] benzodiazepine) is a fast-acting benzodiazepine (duration 
approximately 5–11 h for immediate release and extended release, respectively) with 
an onset of 1–2 h [ 7 ]. Alprazolam (half-life: 8–15 h) is primarily metabolized by 
oxidation through the CYP3A family into two hydroxylated metabolites: 4-hydroxy-
alprazolam and α-hydroxyalprazolam [ 8 ]. CYP3A4 is thought to be responsible for 
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the conversion to 4-hydroxyalprazolam, and CYP3A5 is involved in metabolism to 
α-hydroxyalprazolam [ 9 ]. However, recently some controversy exists whether 
CYP3A5 displays or contributes to any clinically relevant metabolism of alprazolam 
[ 10 ]. The metabolites 4-hydroxyalprazolam and α-hydroxyalprazolam have low 
relative potencies for the GABA A  receptor, are metabolized quickly, and found in 
such low concentrations relative to the alprazolam that they are thought to contribute 
little to the pharmacologic properties of the parent drug. Both 4- hydroxyalprazolam 
and α-hydroxyalprazolam undergo conjugation in order to be excreted in the urine.  

  Chlordiazepoxide (Librium)     (7-chloro-4-hydroxy- N -methyl-5-phenyl-3 H -[1, 4]
benzodiazepine-2-imine) is the oldest clinically used benzodiazepine. 
Pharmacokinetic studies have not progressed much to give a better understanding of 
how the body metabolizes this medication. Chlordiazepoxide is a fast-acting 
(0.5–2 h) benzodiazepine with a half-life of 6–28 h [ 11 ]. The parent compound is 
pharmacologically active as well as its four metabolites (desmethylchlordiazepox-
ide, demoxepam (half-life: 28–63 h), desmethyldiazepam (nordiazepam) (half-life: 
30–200 h), and oxazepam (half-life: 5–15 h). However it also has several inactive 
metabolites as well [ 12 ]. The metabolism of desmethyldiazepam and oxazepam will 
be covered below in the diazepam and oxazepam sections, respectively. Initially 
chlordiazepoxide undergoes CYP450-mediated demethylation to desmethylchlor-
diazepoxide, then hydrolysis to demoxepam. Demoxepam is broken down into sev-
eral metabolites, but the only other pharmacologically active metabolite is 
desmethyldiazepam, which is converted to oxazepam and undergoes conjugation 
directly (see below). Since chlordiazepoxide has several active metabolites, accu-
mulation of the metabolites occurs, and it can take 2–3 weeks to reach steady state. 
For instance, in single-dose studies, demoxepam is in very low concentrations, but 
after repeated administration of chlordiazepoxide, the concentrations of  demoxepam 
are greatly increased [ 12 ]. Caution needs to be taken particularly with the elderly 
and those with hepatic impairment as intermediate long-lasting metabolites can 
accumulate over time [ 13 ].  

  Clonazepam (Klonopin)     (5-(2-chlorophenyl)-7-nitro-1,3-dihydro-1,4- 
benzodiazepin- 2-one) is fast acting (20–40 min) with a half-life of 19–60 h. While 
clonazepam has no active metabolites, its half-life is fairly long lasting. Clonazepam 
undergoes nitroreduction to form 7-aminoclonazepam through CYP3A4. 
7- aminoclonazepam is then removed by acetylation from  N -acetyltransferase-2 
(NAT2), hydroxylation, and glucuronidation [ 14 – 16 ]. Though many perceive clon-
azepam to be safe with regard to reducing the addiction potential of benzodiaze-
pines due to its long half-life, addiction medicine specialist have found it is also 
frequently abused as a street drug [ 17 ]. In a study of reimbursement claims in 
Haute-Garonne, France, to evaluate the frequency of “doctor shopping” for benzo-
diazepines to describe abuse potential, the authors concluded that clonazepam and 
alprazolam fell in the category of intermediate abuse potential versus benzodiaze-
pines like diazepam and clorazepate were of high abuse potential [ 18 ].  
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  Clorazepate (Tranxene)     (7-chloro-2-oxo-5-phenyl-1,3-dihydro-1,
4- benzodiazepine- 3-carboxylic acid) is an intermediate-acting (1–2 h) benzodiaze-
pine with rapid absorption (second only to diazepam) and with long-lasting effects 
due to its large half-life. Clorazepate is decarboxylated by CYP3A4 and CYP2C19 
to desmethyldiazepam which has a half-life of 30–200 h and causes the majority of 
clinical effects. Desmethyldiazepam is then converted to oxazepam which has a 
reduced half-life of 5–15 h. The metabolism of desmethyldiazepam and oxazepam 
will be covered below in the diazepam and oxazepam sections respectfully. Studies 
suggest clorazepate is converted to desmethyldiazepam within a couple of hours of 
administration [ 19 – 21 ].  

  Diazepam (Diastat AcuDial, Diastat Pediatric, Valium)     (7-chloro-1,3-dihydro- 
1-methyl-5-phenyl-2 H -[1,4]benzodiazepine-2-one) is the second benzodiazepine 
introduced into the market. Diazepam is a highly lipophilic benzodiazepine with a 
very fast onset of 15 min (less with IV formulations) and a long duration of action 
due to its active metabolites, which largely contribute to the majority of pharmaco-
logic effects. Diazepam’s three active metabolites are desmethyldiazepam, temaze-
pam, and oxazepam with the half-lives of 30–200 h, 8–20 h, and 5–15 h, respectively 
[ 22 ]. Temazepam and oxazepam undergo conjugation and are eliminated at a simi-
lar rate at which they are generated (discussed below). Diazepam has two major 
metabolic pathways  N -demethylation to form desmethyldiazepam by CYP3A4 and 
CYP2C19 or CYP3A4 hydroxylation to temazepam (discussed below) [ 23 ,  24 ]. 
CYP2D1 can cause the formation of 4-hydroxydiazepam, but in humans the frac-
tion is negligible. Other CYP enzymes including CYP2B6, CYP2C9, and CYP3A5 
may also be involved in the formation of desmethyldiazepam [ 25 ]. The major route 
of metabolism for desmethyldiazepam is hydroxylation by CYP3A4 to oxazepam 
(discussed below).  

  Estazolam (ProSom)     (8-chloro-6-phenyl-4H-[1,2,4]triazolo[4,3-a][1,4]benzodiaze-
pine) is a rapidly absorbed intermediate-acting benzodiazepine with a time to onset of 
0.5–2 h and a half-life of 10–24 h. The majority of estazolam is metabolized into two 
metabolites, 4-hydroxyestazolam by hydroxylation CYP3A4 (major) and conversion 
to 1-oxoestazolam (minor). Both metabolites undergo conjugation and are excreted in 
the urine. Neither metabolite is thought to contribute signifi cantly to the pharmaco-
logical effects of estazolam due to their low potencies and low concentrations [ 26 ].  

  Flurazepam (Dalmane)     (7-chloro-1-[2-(diethylamino)ethyl]-5-[2-fl uorophenyl)-
2,3dihydro -1 H -[1,4]benzodiazepine-2-one) is absorbed quickly and is a long- 
acting benzodiazepine with a very fast onset of action in 15–20 min peaking at 
3–6 h and a duration of action of 7–8 h. Flurazepam has a half-life of approximately 
2 h; however, several metabolites have been identifi ed including hydroxyethylfl u-
razepam (half-life 2–4 h) and desalkylfl urazepam (40–250 h). The metabolism of 
fl urazepam is most likely mediated via oxidative CYP450 enzymes, but the specifi c 
enzymes have not been identifi ed in the literature. The effects of fl urazepam are 
almost extensively due to desalkylfl urazepam due to its long half-life [ 27 – 29 ].  
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  Midazolam (Versed)     (8-chloro-6-(2-fl uorophenyl)-1-methyl-4 H -imidazo [1,5-a]
[1,4] benzodiazepine) is quickly absorbed and very fast acting with an oral onset of 
action of 10–20 min and intravenous onset in as little as 3 min which makes it an 
ideal medication given intravenously for preanesthesia prior to surgery. Midazolam 
is metabolized rapidly and almost exclusively by CYP3A4 in the intestines and in 
the liver resulting in a half-life of 2–6 h. Hydroxylation by CYP3A4 results in the 
major metabolite 1’-hydroxymidazolam, which has similar pharmacologic activity 
as the parent compound and a half-life of approximately one hour, and the minor 
metabolite 4-hydroymidazolam [ 30 ]. 1’-hydroxymidazolam concentrations are 
roughly two-thirds of midazolam and most likely contribute to the pharmacologic 
activity of midazolam [ 31 ]. A secondary phase II pathway causes midazolam to 
undergo N2-glucuronidation catalyzed by UGT1A4, which produces a minor 
metabolite that may be more important in the presence of a CYP3A4 inhibitor [ 32 ]. 
Both 1’-hydroxymidazolam and 4-hydroymidazolam undergo further hydroxyl-
ation by CYP3A4 to another inactive metabolite 1’,4-dihydroxymidazolam. 
1’-hydroxymidazolam can also undergo N2-glucuronidation from UGT1A4 or 
O-glucuronidation from UGT2B4 or UGT2B7 [ 30 ].  

  Quazepam (Doral)     (7-chloro-5-(2-fl uorophenyl)-1-(2,2,2-trifl uoroethyl)-3H-1,4- 
benzodiazepine- 2-thione) is a rapidly absorbed benzodiazepine with a fast onset of 
action (20–60 min) and a long duration of action (7–10 h) due to its distribution 
half-life of approximately 2 h and its even longer elimination half-life. Quazepam is 
quickly metabolized by substitution of a sulfur group with oxygen to yield the 
 pharmacologically active 2-oxoquazepam (half-life: 10–35 h) by CYP3A4, CYP 
2C9, and CYP2C19. 2-oxoquazepam is then converted by CYP3A4 or CYP2C9 to 
pharmacologically active desalkylfl urazepam (also known as  N -desmethyl-2- 
oxoquazepam with a half-life of 40–250 h) or inactive 3-hydroxy-2-oxoquazepam 
in about equal amounts [ 33 ,  34 ].  

  Triazolam (Halcion)     (8-chloro-6-(2-chlorophenyl)-1-methyl-4 H -[1,2,4]triazolo 
[4,3-a][1,4] benzodiazepine) is a very short-acting benzodiazepine with a half-life 
of 1.5–5 h and a very fast onset of action that produces hypnotic effects within 
15–30 min making it an effective sleep aid. Triazolam is extensively metabolized 
through hydroxylation by CYP3A4 (and possibly CYP3A5) into two inactive 
metabolites 4-hydroxytriazolam or 1’-hydroxytriazolam. Both metabolites then 
undergo conjugation in order to be excreted in the urine [ 35 ,  36 ].   

19.4     Benzodiazepines Metabolized Primarily by Phase II 
Reactions 

  Lorazepam (Ativan)     (7-chloro-5-(2-chlorophenyl)-3-hydroxy-1,3-dihydro-1,4- 
benzodiazepin- 2-one) is an intermediate-acting benzodiazepine, which can take 
30–60 min to take effect if given orally or fast acting 20–30 min if given intramus-
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cularly; however IV onset is very fast 2–3 min, supporting its use as a sedative and 
treatment for status epilepticus. Lorazepam with a half-life of approximately 
10–20 h is directly inactivated to 3- O -glucuronide and excreted in the urine [ 37 ]. 
The majority of transformation is thought to be due to UDP-glucuronosyltransferase 
(UGT) 2B15. No noticeable effects have been noted in lorazepam kinetics when 
administered with medications that alter UGT2B15 metabolism [ 38 ]. More recently 
other UGT enzymes have been identifi ed that may assist in metabolism (e.g., 
UGT2B4, 1A7, 2B7, 1A10, and 2B15). Interestingly the UGT enzymes show pref-
erence to specifi c enantiomers of lorazepam. While UGT2B4, 2B7, and 2B15 
metabolize both the (R) and (S)-enantiomers, (R)-lorazepam was additionally 
metabolized by UGT1A7 and 1A10 [ 39 ].  

  Oxazepam (Serax)     (7-chloro-3-hydroxy-5-phenyl-1,3-dihydro-1,4- 
benzodiazepin- 2-one) is a slow-acting benzodiazepine due to its slow absorption 
from the GI tract. Onset of action can be expected between 60 and 120 min and 
half-life approximately 5–15 h. Oxazepam is a metabolite of several other benzodi-
azepines (e.g., diazepam, temazepam, clorazepate, chlordiazepoxide). Oxazepam 
has a chiral center and is formulated as a racemic ( S )-enantiomer and ( R )-enantiomer 
of which the ( S )-enantiomer is thought to have the majority of the pharmacologic 
effects. Both enantiomers are directly inactivated to 3- O -glucuronide and excreted 
in the urine directly by UGT1A9, 2B7, and 2B15 enzymes. The majority of 
 transformation of the ( S )-enantiomer is due to UGT 2B15 while the ( R )–enantiomer 
is metabolized by UGT 1A9 and UGT 2B7 [ 40 – 42 ].  

  Temazepam (Restoril)     (7-chloro-3-hydroxy-1-methyl-5-phenyl-3H-1,4- 
benzodiazepin- 2-one) is an intermediate-acting benzodiazepine with an onset of 
action of 30–60 min and a half-life of 8–15 h for the parent compound. The majority 
of temazepam is converted to 3- O -glucuronide by UGT1A9, 2B7, and 2B15 after 
which the metabolite is then excreted in the urine. A smaller portion undergoes 
demethylation by CYP3A4 and CYP2C19 to oxazepam (see above) which will then 
also be converted to 3- O -glucuronide by UGT1A9, 2B7, and 2B15 [ 23 ,  43 ].  

19.4.1     Benzodiazepine Drug Interactions 

 According to the Centers for Disease Control, 48.5 %, 21.7 %, and 10.6 % of per-
sons are using at least one, three or more, or fi ve or more prescription drugs in the 
past 30 days, respectively [ 44 ]. Additionally, it is estimated that 1 in every 20 people 
between the ages of 18 and 80 will have received a prescription for a benzodiaze-
pine [ 45 ]. One study focusing on VA patients found that of 13,745 patients receiving 
a benzodiazepine, 45.3 % were identifi ed to have a major interaction with the con-
comitant use of another medication [ 46 ]. Considering the amount of major interac-
tions of benzodiazepines with other medications, it is imperative that healthcare 
workers be aware of the potential for dangerous combinations. When prescribing or 
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recommending a benzodiazepine for a particular person, one must be certain to ask 
about any other medications being taken including prescription medications, over 
the counter products, herbals, dietary supplements, as well as history of alcohol use, 
smoking, and history of liver/kidney dysfunction. In addition to obtaining an accu-
rate history to reduce the risk of prescribing a benzodiazepine that interacts with 
another medication or product, understanding and maintaining a working knowl-
edge of potential interactions is essential. Table  19.1  provides a summary of phar-
macokinetic and metabolic parameters to consider when prescribing or 
recommending the use of benzodiazepines.

19.4.2        P-Glycoprotein Interactions 

 First discovered in the investigation of multidrug-resistant tumors, the overexpres-
sion of p-glycoprotein correlated with resistance to several chemotherapeutic agents 
used against the tumors. This leads to research into p-glycoproteins which deter-
mined its ability to transport a wide range of compounds and determine the extent 
of its expression (highly) in epithelial and endothelial tissues of the gut, blood–brain 
barrier, and important drug-clearing organs such as the liver and the kidney. 
P-glycoprotein is certainly signifi cant in the distribution and elimination of drugs, 
though transport activity can be saturable and subject to a variety of interactions 
with substrates and inhibitors. Few clinically relevant interactions between drugs 
have been reported to be attributable solely to p-glycoprotein, due to overlapped 
metabolism through other mechanisms (e.g., CYP enzymes) [ 47 ]. At least four ben-
zodiazepines interact with p-glycoprotein, bromazepam, chlordiazepoxide, diaze-
pam, and fl urazepam, though all but fl urazepam appear to behave as activators of 
p-glycoprotein ATPase activity (enhancing transport from the membrane bilayer to 
the exterior) which did not show interference with daunorubicin [ 48 ]. Flurazepam, 
however, is also an inhibitor of p-glycoprotein and did signifi cantly inhibit the 
effl ux of daunorubicin by approximately 80 % (concentration dependent) [ 49 ]. 
Though 80 % inhibition blocks almost all transport of daunorubicin, the concentra-
tion required to inhibit accumulation of daunorubicin is higher than the serum con-
centration range after human consumption and thus may not play a major role in 
clinical situations.  

19.4.3     Protein-Binding Interactions 

 There is considerable variability between the benzodiazepines and the degree of 
protein binding, ranging from 80 % with alprazolam to nearly 99 % with diazepam. 
Benzodiazepines primarily bind to albumin; however triazolobenzodiazepines may 
bind to alpha glycoproteins to some degree. Binding of benzodiazepines to proteins 
will decrease the concentration of unbound (free) drug, which will decrease the 
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intensity of action and prolong their effects by slowing elimination [ 50 ]. While 
interactions with other medications can increase the free fraction of benzodiaze-
pines, their high therapeutic index is most likely of little clinical importance [ 51 ]. 
However, people with hypoalbuminemia (e.g., elderly, malnutrition, cirrhosis, renal 
insuffi ciency, severe burns) have enhanced pharmacodynamic effects resulting in 
higher levels of free drug and increased frequency/intensity of adverse effects [ 52 ]. 
Overall, the interactions of highly protein-bound drugs with benzodiazepines are 
based on the competition for binding sites on plasma proteins and generally do not 
have a large clinical effect.  

19.4.4     Other Interactions 

  Weight     Over one-third of adults and just over a sixth of children in the United 
States are obese with a stable prevalence over the years [ 53 ]. Several alterations, 
both pathologically and physiologically, have been associated with obesity. However 
the impact on drug dosing, distribution, metabolism, and elimination remains largely 
unknown. Benzodiazepines being highly lipophilic compounds, one must consider 
the volume of distribution in obese subjects, which is generally higher than in non-
obese subjects. This will cause benzodiazepines to have a higher volume of distribu-
tion [ 54 ]. The increase in volume of distribution can lead to prolonged effects [ 55 ], 
but the clinical signifi cance in healthy individuals is minimal when considering the 
metabolism of the benzodiazepine. In 90 % of obese patients, there are histological 
abnormalities in liver tissue presenting as fatty infi ltrates. This can result in altered 
enzyme activity of phase I (e.g., oxidation, reduction, and hydrolysis using CYP 
enzymes) or phase II systems (e.g., glucuronidation,  N -acetylmethylation, and sul-
fate conjugation via uridine diphosphate glucuronosyltransferase (UGT) enzymes). 
With regard to phase I metabolism in obese subjects, studies showed clearance of 
drugs metabolized via CYP3A4 (e.g., midazolam, triazolam, alprazolam) was con-
sistently lower, while CYP2E1 clearance showed higher activity compared to non-
obese patients. Though triazolam clearance was signifi cantly lower, midazolam and 
alprazolam lacked power for signifi cance. CYP2E1 metabolism correlated with 
total body weight and degree of liver steatosis. Diazepam clearance via CYP2D6 
enzymes in obese individuals showed a higher clearance compared to nonobese 
individuals with no difference in desmethyldiazepam clearance. Other CYP enzymes 
(CYP1A2, 2C9, and 2C19) showed a trend of increased clearance versus nonobese 
subjects; however the trend was not signifi cant [ 56 ]. Overall, clearance of medica-
tions with renal and phase I metabolism is not signifi cantly affected in obese indi-
viduals [ 54 ]. Phase II systems in obesity did show a signifi cant difference compared 
to nonobese subjects when evaluating the clearance of oxazepam and lorazepam in 
both groups. Clearance was found to be signifi cantly higher in obese patients for 
oxazepam and lorazepam compared to nonobese patients, due to an increased con-
jugating capacity in proportion to total body weight. With regard to elimination, 
obese patients showed an increase of 62 % in their estimated glomerular fi ltration 
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rate (eGFR) irrespective of hypertension. Obese children did not differ compared to 
nonobese children with respect to eGFR [ 56 ].  

  Sex     Another important consideration is the difference of sex on the metabolism of 
benzodiazepines. Pharmacokinetic differences in women can be affected due to 
partly having lower body weight, lower gastric emptying times, less intestinal enzy-
matic activity, and/or decreased GFR (10–25 % differences after adjusting for body 
size) [ 57 ]. Due to benzodiazepines lipophilic properties, women may have larger 
volumes of distribution and longer durations of action due to having larger fat stores 
compared to men. With regard to metabolism and metabolic rates, studies are con-
fl icting between men and women using benzodiazepines and therefore cannot be 
commented on. Women taking oral contraceptives however have been found to 
show a decreased clearance of benzodiazepines, specifi cally diazepam. It was also 
postulated that oral contraceptives can reduce the absorption rate of diazepam as 
well; however no difference has been found for triazolam which is also extensively 
metabolized via oxidation. Overall, several benzodiazepines are metabolized 
through the CYP3A system, which has statistically signifi cant differences in men 
and women. These differences however have not translated into signifi cant clinical 
differences of benzodiazepines [ 58 ]. While nonbenzodiazepine hypnotics have 
shown signifi cant clinical effects in females, higher blood levels, and prolonged 
effects [ 59 ], these differences have not been consistently seen in females with ben-
zodiazepines [ 60 ].  

  Age     Benzodiazepines are a widely used class of medicine which increases in use 
as we age. In fact, 2.6% of people between 18 and 35 years old use a benzodiazepine 
compared to 8.7% of people between the ages of 65 and 80. Not only are older 
patients receiving more benzodiazepines than younger patients but they also receive 
it for longer periods of time. Of people 65–80 years old who use benzodiazepines, 
31.4% received prescriptions for long-term use versus 14.7% of people between the 
ages of 18 and 35 [ 45 ]. Elderly individuals are generally more susceptible to the 
adverse effects of benzodiazepines and have decreased clearance due to a variety of 
reasons including decreased oxidative metabolism which yields active metabolites 
and overall decreased effi ciency of the liver and kidneys. When benzodiazepines are 
required in the elderly, it is generally recommended to use only those that undergo 
phase II conjugation metabolism (lorazepam, oxazepam, temazepam). Though 
renal insuffi ciency could impair excretion of the metabolites from conjugation, the 
metabolites are inactive and have been demonstrated to have no clinical conse-
quences. When other benzodiazepines are used especially those with active metabo-
lites with long half-lives such as diazepam, low doses should be started, and patients 
should be monitored closely for side effects due to an increased risk of accumula-
tion [ 50 ]. In children, drug metabolism is variable and depends on the biotransfor-
mation pathway of the benzodiazepine used. Though CYP450 enzymes are low at 
birth, by ages 2–3 years CYP metabolism exceeds adult values and then decreases 
over time to reach adult levels by puberty. Glucuronidation is also low in neonates, 
which will prolong the half-life of clorazepate, but will reach adult levels by ages 
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3–4 years. Diazepam clearance is also reduced due to the minimized capacity of 
hydroxylation in infants [ 3 ].  

  Smoking     Smoking can lead to enhanced elimination of medications through 
inducing CYP450 enzymes, especially CYP1A2 which represents the metabolism 
of approximately 5 % of all drugs [ 56 ]. While benzodiazepines are not generally 
substrates of CYP1A2 some studies have shown increased metabolism of some ben-
zodiazepines, although these results are not consistent [ 61 ,  62 ]. In general it is pos-
sible that smoking results in increased metabolism but likely does not substantially 
change pharmacokinetic parameters of most benzodiazepines, although the package 
insert for alprazolam reports a 50 % decrease in concentrations in smokers. Nicotine 
may also have an effect as a CNS stimulant which may attenuate sedation as seen in 
smokers compared to nonsmokers using benzodiazepines [ 63 ].   

19.4.5     Food and Herbals 

 Due to benzodiazepines being highly lipophilic, they generally have fast absorption 
times as well as bioavailabilities. Interactions that exist with food and herbal supple-
ments are due to inhibition/induction of various CYP enzymes. Grapefruit juice is a 
classic example of a food that inhibits the CYP3A4 enzyme system [ 64 ]. Interacting 
specifi cally with diazepam, midazolam, quazepam, and triazolam, grapefruit juice 
increases the AUC and Cmax of the benzodiazepines and can last up to 72 h after a 
single glass [ 65 ,  66 ]. Interestingly alprazolam concentrations are not sensitive to 
grapefruit, although it is metabolized by CYP3A4 [ 65 ]. Echinacea has also been 
shown to cause a decrease in the plasma concentration of midazolam via CYP3A 
enzyme induction [ 67 ]. Taking a benzodiazepine concomitantly with kava can 
increase central nervous system side effects. In one case report, a 54-year-old man 
was found in a semicomatose state after using alprazolam and kava, cimetidine, and 
terazosin [ 68 ]. Studies of St. John’s wort reducing the effectiveness of alprazolam, 
midazolam, and quazepam via CYP3A4 induction have also been published, with 
the theoretical possibility for the same effects on clonazepam, diazepam, and 
 triazolam [ 69 – 71 ].  

19.4.6     Pharmacokinetic Drug Interactions 

 The majority of pharmacokinetic drug interactions are due to inhibition or induction 
of CYP450 enzymes, specifi cally CYP3A4 or CYP2C19. As shown in Fig.  19.1 , 
these enzymes metabolize many benzodiazepines and their active metabolites. 
When given in the presence of enzymatic inhibitors, benzodiazepines could have 
higher peak levels and effects that are longer lasting. In the presence of inducers, 
higher doses of the benzodiazepine may be needed to have the intended clinical 
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effect. Since many psychotropic medications interact with the CYP450 system, it is 
important to evaluate the other medications before starting a benzodiazepine, espe-
cially those that are metabolized through phase I reactions. Since lorazepam, oxaz-
epam, and temazepam primarily are metabolized by phase II reactions and have no 
active metabolites, they are likely to not have signifi cant drug interactions.  

19.4.7     Pharmacodynamic Interactions 

 Pharmacodynamic interactions involve either inhibition or enhancement of the clin-
ical effects of the drug. The most important pharmacodynamic drug interactions 
with benzodiazepines involve the concomitant use of other CNS depressants includ-
ing antipsychotics, barbiturates, phenytoin, sedative antihistamines, opioids, and 
alcohol. Combination with these substances can lead to increased sedation, motor 
impairment, and respiratory depression. Respiratory depression is especially dan-
gerous when opioid agonists or alcohol is combined with benzodiazepines as it can 
result in death [ 72 ,  73 ]. Another combination that is dangerous is the combination 
of intramuscular olanzapine and parenteral benzodiazepines due to their association 
with excessive sedation, respiratory depression, and death [ 74 ].  

19.4.8     Case Presentation 

 A 19-year-old male college student diagnosed with generalized anxiety disorder has 
been taking clorazepate 15 mg twice a day for the last year. The patient has reported 
at previous appointments effectiveness with clorazepate and denied side effects. 
A month later the patient returns to clinic complaining of daytime sedation, dizzi-
ness, and an inability to focus on schoolwork. He has not been able to take cloraz-
epate during the day for fear of having a car accident while driving. He also reports 
increased anxiety since he is unable to take clorazepate and requests a change in 
medication since fi nals week is starting soon, and daily anxiety is making it increas-
ingly diffi cult to go to class, focus on school work, and sleep at night. As you review 
the patient’s current medication regimen, you discover the patient was started on 
omeprazole 20 mg/day for gastroesophageal refl ux disease (GERD) 3 weeks ago 
and was told to discontinue in another week. 

19.4.8.1     Case Discussion 

 Omeprazole is a strong inhibitor of CYP2C19 and CYP3A4 [ 75 ]. The benzodiaze-
pine clorazepate is a substrate of CYP2C19 and CYP3A4 (see above). The addition 
of omeprazole signifi cantly impaired the ability of CZYP2C19 and CYP3A4 to 
metabolize clorazepate. The result of this drug interaction was an increase in 
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clorazepate blood levels, which increased side effects of clorazepate such as seda-
tion, decreased concentration, and dizziness reported by the patient above. You 
eventually recognized the signifi cance of the drug interaction with the addition of 
omeprazole to clorazepate and recommended switching omeprazole to pantopra-
zole, a proton pump inhibitor that does not cause 2C19 inhibition.   

19.4.9     Genetic Polymorphisms 

 It is now recognized that one reason why some medications may have an effect in 
one person and have a different effect on another is due to the genetic variation each 
person has. This genetic variation has been shown to play a role in the way we 
metabolize medications especially via phase I and phase II reactions [ 76 ]. Specifi c 
genes encode each UGT and CYP enzyme, making them susceptible to genetic vari-
ability. In fact, the nomenclature for UGT and CYP enzymes tell you exactly which 
gene they can be found in (i.e., CYP indicating cytochrome P450, followed by a 
number indicating the gene family, followed by a letter indicating the subfamily, 
followed by another number indicating the gene) [ 76 ]. When a person inherits a 
genetic allele from each parent, they can inherit a wild-type or a variant allele. 
Polymorphisms occur when one or both wild-type alleles are replaced by a variant 
which results in people who are “poor metabolizers” (two variant alleles) or patients 
with reduced enzyme activity (a wild-type and a variant allele). Alternatively when 
a person obtains multiple copies of wild-type allele, a polymorphism occurs, result-
ing in “ultra-rapid” or “rapid” metabolizers due to the excess enzyme activity seen 
[ 77 ]. Though genetic testing is not routinely performed in patients (prospective tri-
als needed to demonstrate improved outcomes and cost effectiveness), a keen 
observer may suspect a patient of being a rapid, reduced, or poor metabolizer of an 
agent based on their response to therapy or by using information from large-scale 
studies to determine risks associated with certain ethnicities (e.g., Asians and HLA-
B* 1502 testing) [ 76 ].   

19.5     Phase I 

 Only a few CYP450 are signifi cantly involved in the metabolism of benzodiaze-
pines including CYP3A4/5 and CYP 2C19 (see above). 

  CYP 3A4/5     Represents the metabolism of approximately 50 % of all drugs, with 
the majority metabolized via CYP3A4 [ 56 ]. However data on the impact on benzo-
diazepine metabolism due to CYP3A4/5 polymorphisms is mixed. With over 40 
different variants of CYP3A4 and 14 variants of CYP3A5, most are nonfunctional 
and have a minimal role in predicting metabolic activity [ 78 ]. Of functional signifi -
cance, only a few CYP3A4 (e.g., CYP3A4*8, CYP 3A4*11, CYP3A4*12, and 
CYP 3A4*13) and CYP3A5 variants (e.g., CYP3A5*3, CYP3A5*5, CYP3A5*6, 
and CYP3A5*7) have been identifi ed.  
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 The only benzodiazepines reported to have signifi cant pharmacokinetic differ-
ences related to CYP3A4/5 polymorphisms are alprazolam and midazolam [ 79 – 81 ]. 
Due to the limited impact on CYP3A-mediated drug metabolism in vivo, and 
because pharmacokinetic effects did not signifi cantly change behavioral effects, 
clinical relevance of testing for polymorphisms of CYP3A4/5 is unknown [ 82 ]. 

  CYP2C19     Represents the metabolism of approximately 10 % of all drugs [ 56 ]. At 
least seven variant alleles have been identifi ed that inactivate CYP2C19 
(CYP2C10*2 – CYP2C19*8), with the two most important being CYP2C19*2 
(accounts for up to 85 % of poor metabolizers in Caucasian and Japanese subjects) 
and CYP2C19*3 (accounts for up to 25 % of poor metabolizers in Japanese sub-
jects). The frequency of poor metabolizers is thought to be especially high among 
Asians (15–30 %) while relatively low among Caucasians (3–6 %) [ 83 ,  84 ]. Several 
benzodiazepines are partially metabolized through CYP2C19 (see above). 
Signifi cant differences comparing poor metabolizers to extensive (normal) metabo-
lizers have been seen with diazepam, desmethyldiazepam, and quazepam leading to 
longer half-lives and lower clearances [ 76 ,  85 ,  87 ]. In one study, diazepam was 
found to have an effect on the emergence from general anesthesia in patients with 
CYP2C19 polymorphisms, concluding that CYP2C19 polymorphisms can have a 
signifi cant and clinical effect [ 88 ].   

19.6     Phase II Reactions 

 UGT enzymes catalyze the conjugation of various endogenous and exogenous com-
pounds and are considered the most important of the phase II processes, responsible 
for the metabolism of ~50 % of all drugs. At least 19 human UGTs (classifi ed in 
three families as UGT1A, UGT2A, and UGT2B) have been identifi ed to date. 
Similar to the CYP450 enzymes, UGT enzymes can be polymorphic, and people are 
described as either poor metabolizers or extensive metabolizers. The most signifi -
cant UGTs with respect to drug metabolism are UGT1A1, UGT1A3, UGT1A4, 
UGT1A6, UGT1A9, UGT2B7, and UGT2B15, with some evidence suggesting 
UGT2B4, UGT2B10, and UGT2B17 may contribute to glucuronidation [ 39 ]. While 
most benzodiazepines are metabolized by CYP enzymes fi rst then UGTs, loraze-
pam and oxazepam are metabolized solely by glucuronidation. Of the UGTs, 
UGT2B15 is the most signifi cant, as UGT2B7 is a poor glucuronidator of s-oxaze-
pam, and polymorphic variation may not affect metabolism [ 89 ].  

19.7     UGT2B15 

 Genetic polymorphisms have been shown to change pharmacokinetic parameters in 
lorazepam; however no noticeable effects have been noted in lorazepam kinetics 
when administered with medications that alter UGT2B15 metabolism [ 38 ]. 
Additionally both lorazepam and s-oxazepam have resulted in increased 
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concentrations in the presence of UGT2B15*2 allele (approximately 50 %), but the 
clinical importance is still questionable [ 38 ,  90 ]. 

19.7.1     Dosage Adjustments (Per Package Insert) 

    Alprazolam

   Elderly or debilitating disease:

•    Immediate release: Starting dose 0.25 mg PO every 8–12 h  
•   Extended release: Starting dose 0.5 mg PO daily     

  Renal dosing: No adjustment provided in package insert; use with caution  
  Hepatic dosing:

•    Immediate release: Initial dose of 0.25 mg two to three times a day titrated 
as needed and tolerated  

•   Extended release: Initial doses of 0.5 mg PO titrated as needed and 
tolerated        

  Chlordiazepoxide

   Elderly: Not drug of choice due to prolonged sedation (long-acting metabolite 
and increased risk of falls/fractures; if used 5 mg two to four times daily is 
recommended  

  Renal dosing:

•    CrCl <10 mL/min: 50 % of recommended dose [ 91 ]  
•   Peritoneal dialysis: 50 % of recommended dose [ 91 ]     

  Hepatic dosing: No adjustment provided in package insert; use with caution     

  Clonazepam

   Elderly: Start on low doses and monitor  
  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Clorazepate

   Elderly: Use is not recommended in the elderly; if used, initiate at 7.5 mg one to 
two times a day  

  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Diazepam

   Elderly: Use oral over intramuscular, absorption orally is more reliable.
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•    Oral: 2–2.5 mg one to two times a day, titrated as needed and tolerated  
•   Rectal gel: Consider using reduced dose due to increased half-life in the 

elderly and debilitated patients     

  Hepatic dosing: Half-life prolonged, decrease dose by 50 %  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Estazolam

   Elderly: 0.5–1 mg at bed time. Initiate at lower doses for small elderly or debili-
tated patients  

  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Flurazepam

   Elderly: 15 mg orally at bed time  
  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Lorazepam

   Geriatric: Initial dose not to exceed 2 mg

•    1–2 mg orally daily in divided doses; avoid doses greater than 3 mg a 
day  

•   Intramuscular/intravenous: Reduce the initial dose for adults by 50 % and 
titrate as needed and tolerated     

  Hepatic dosing:

   PO: Use with caution in severe impairment, may require lower doses  
  IM/IV: Caution in mild/moderate; not recommended in severe impairment     

  Renal dosing:

   PO: No dosage adjustment needed [ 91 ]  
  IV/IM: Caution in mild/moderate (risk of propylene glycol toxicity); not rec-

ommended in severe impairment        

  Midazolam

   Elderly: Reduce dose by 20–50 % in patients receiving opioids or other CNS 
depressants, in the elderly, chronically ill, or debilitated.  

  Hepatic dosing: No adjustment provided in package insert; use with caution; 
patients with any degree of hepatic impairment or hepatic encephalopathy 
likely to be sensitive to its effects  

  Renal dosing: No adjustment provided in package insert; use with caution; active 
metabolite may not be eliminated easily and may accumulate.     

  Oxazepam
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   Elderly: Initial dose of 10 mg orally three times a day; titrate slowly to 15 mg 
three to four times a day as needed and tolerated  

  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Quazepam

   Elderly: Initial dosing at 7.5 mg orally at bedtime  
  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Temazepam

   Elderly/debilitated: 7.5 mg orally at bed time  
  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution     

  Triazolam

   Elderly/debilitated: Initial dose of 0.125 mg orally at bed time. Max dose of 
0.25 mg daily  

  Hepatic dosing: No adjustment provided in package insert; use with caution  
  Renal dosing: No adjustment provided in package insert; use with caution        

19.7.2     Monitoring Recommendations 

  Respiratory     Benzodiazepines do not effect respiration in normal subjects. 
However, they can reduce upper airway muscle tone and decrease response to 
hypoxia. Benzodiazepines are not indicated for use in obstructive sleep apnea 
(OSA) [ 92 ]. At least one study found temazepam does not signifi cantly increase 
respiratory disturbance compared to placebo, suggesting the effects on OSA are 
modest [ 93 ]. Benzodiazepines should be given cautiously with other central ner-
vous system depressants as they can have synergistic effects on decreasing respira-
tion [ 73 ].  

  Sedation/Motor Impairment     Benzodiazepines are often used as sedative hypnot-
ics causing sedation. Though sedation is the intended effect, it may continue into the 
morning (hangover phenomenon) and cause signifi cant impairment. Furthermore if 
benzodiazepines are being used as anxiolytics, sedation and lack of coordination 
could lead to serious consequences such as motor vehicle accidents or falls [ 94 ]. 
Falls could be very serious in the elderly and therefore long-term therapy is gener-
ally discouraged [ 95 ]. It is important to monitor patients for these side effects when 
fi rst starting medication.  

  Withdrawal     Benzodiazepines can cause physiological dependence and stopping 
them abruptly can cause a withdrawal syndrome. Symptoms of withdrawal include 
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sleep disturbances, irritability, anxiety, hand tremor, sweating, diffi culty concentrat-
ing, nausea, vomiting, palpitations, headache, and muscular pain. In severe cases 
seizures and psychotic symptoms can occur [ 96 ,  97 ]. The half-life of the benzodiaz-
epine and the active metabolite correspond to the time at which withdrawal symp-
toms start relative to the last dose of medication.       
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    Chapter 20   
 Clinical Signifi cant Interactions 
with Opioid Analgesics                     

       Tony     K.  L.     Kiang      and     Mary     H.  H.     Ensom     

      This chapter summarizes the pharmacokinetic drug interactions of select opioid 
agents, focusing on underlying molecular mechanisms (e.g., known metabolic inter-
actions at the enzymatic and transporter levels, such as cytochrome P450 [CYP450], 
uridine 5’-diphospho-glucuronosyltransferases [UGT], and drug transporters) and 
drawing a connection to pharmacodynamic interactions in clinical studies. The 
majority of data has focused on drug metabolism, and there are  in vitro  data to sup-
port the  in vivo  observations. Many opioids (e.g., codeine) are metabolized by 
enzymes that are known to exhibit genetic polymorphism, and this additional (gene- 
drug interaction) factor must be considered. Most data on opioids have focused on 
their classical analgesic properties, effects on pain threshold, and adverse effects 
such as somnolence, nausea/vomiting, gastrointestinal motility, or miosis. Additional 
atypical adverse effects such QT C  prolongation (e.g., associated with methadone) or 
serotonin syndrome (e.g., associated with tramadol) must be considered and can be 
manifested by pharmacokinetic-associated pharmacodynamic interactions. 
Information on pharmacokinetic-mediated pharmacodynamic interactions is rela-
tively scarce in the literature compared to the available pharmacokinetic data. The 
available human data for opioids only represent a small fraction of all the possible 
drug interactions but one may use various  in vitro  or  in silico  approaches to aid the 
prediction of pharmacokinetic interactions. Evidence that a signifi cant pharmacoki-
netic interaction is associated with a pharmacodynamic interaction must be appro-
priately weighted based on limitations in the design of existing studies. This chapter 
concludes with a proposed clinical decision-making algorithm that may be used to 
ascertain the clinical signifi cance of pharmacokinetic-mediated pharmacodynamic 
interactions with opioid analgesics. 
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20.1     Background 

 Opioid analgesics are the cornerstone of pain management therapy in cancer [ 1 ], 
noncancer [ 2 ], and postoperative pain management [ 3 ]. The utility of opioid drugs 
in both acute and chronic pain is underscored by their prominent positions on the 
widely used World Health Organization analgesic ladder for management of moder-
ate and severe pain [ 4 ]. The pharmacology of opioid analgesics has been discussed 
in Chap.   10    . The current chapter will summarize the pharmacokinetic drug interac-
tions of select opioid agents, focusing on the underlying molecular mechanisms 
(e.g., known metabolic interactions at the enzymatic and transporter levels, such as 
cytochrome P450 [CYP450], uridine 5’-diphospho-glucuronosyltransferases 
[UGT], and drug transporters) and drawing a connection to pharmacodynamic 
interactions in clinical studies. Despite the fact that it is impossible to have experi-
mental data on every single drug-drug interaction in humans, our mechanistic 
approach using the information already known at the molecular/enzymatic level can 
aid clinicians in predicting potential drug-drug interactions that will likely occur for 
a given opioid drug. We also propose an algorithm that may allow clinicians to sys-
tematically determine the signifi cance of the observed clinical interactions. 

 Drug interactions mediated by pharmacokinetic changes can occur via absorption, 
distribution, metabolism, and excretion. The majority of the research on opioid phar-
macokinetic interactions has focused on metabolism (and to a lesser degree, on trans-
port) since most of the opioids are biotransformed singularly or in combination by 
various phase I (e.g., CYP450) and/or phase II (e.g., UGT) enzymes and/or phase III 
(e.g., p-glycoprotein [pgp]) systems [ 5 ,  6 ] and thus are subjected to drug interactions 
mediated by and/or genetic polymorphisms [ 7 ] associated with these enzymes and/or 
transporters. In general, phase I or II drug metabolism usually mediates the deactiva-
tion reaction (e.g., hydromorphone) but sometimes can lead to bioactivation (e.g., 
codeine) and the production of pharmacologically more potent metabolites. 
Interacting drugs can act as either inducers (e.g., rifampin for CYP3A4) or inhibitors 
(e.g., quinidine for CYP2D6) and, depending on the nature of metabolism (e.g., deac-
tivation or bioactivation), can either enhance or decrease the therapeutic effects or 
pharmacological side effects of opioid drugs (and vice versa). On the other hand, 
phase III systems are responsible for the transport of drugs across lipophilic mem-
branes (e.g., pgp transporter at the blood-brain barrier), are primarily responsible for 
decreasing drug concentrations at the tissue of interest, and, like phase I or II meta-
bolic pathways, are also subjected to induction and inhibition. Phase III transporters 
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are by convention not classifi ed as metabolism enzymes, but for the purpose of this 
chapter, the phrases “metabolism” and “biotransformation” will be used to denote all 
phase I–III processes. Moreover, genetic polymorphisms associated with metabolism 
enzymes can lead to phenotypic changes that result in increased metabolism (e.g., 
ultrarapid metabolizer phenotype for CYP2D6) or diminished metabolism (e.g., poor 
metabolizer status for CYP2D6). Considering all of these elements of drug metabo-
lism and transport, it is not diffi cult to see that one can potentially encounter several 
layers of complexity while assessing drug-drug interactions associated with opioids. 
Therefore, the primary focus of this chapter will be on understanding the molecular 
basis (i.e., reaction phenotyping of opioid agents, formation of inactive or active 
metabolites, and known effects of genetic polymorphisms) responsible for the phar-
macokinetic drug-drug interactions and the associated pharmacodynamic changes, 
which will serve as the foundation for interpreting clinical drug interactions. Evidence 
supporting other modes of drug interactions (e.g., absorption or protein binding dis-
placement) will be summarized as well. Mechanisms of interactions mediated by 
opioids’ pharmacodynamic effects on receptor binding or neurotransmitter release 
are outlined in Chap.   10    , and will not be reviewed further here.  

20.2     Methodology 

 One can classify opioids by chemical class or receptor binding activity (i.e., agonist 
vs. partial agonist) [ 8 ] (see Chap.   10    ). However, for the purpose of this chapter, only 
opioids that are commonly used in the clinical setting will be reviewed: morphine, 
codeine, oxycodone, hydromorphone, methadone, fentanyl, and tramadol as these 
are often itemized on the World Health Organization analgesic ladder. A search of 
PubMed, Embase, and Google Scholar was conducted (English and human articles 
only, no time limit) using various combinations of the following terms: individual 
opioids listed above, pharmacokinetics, pharmacodynamics, drug-drug interactions, 
CYP450, UGT, transporters, pharmacogenomics, pharmacogenetics, and polymor-
phism. Reference lists of selected citations were also manually reviewed and perti-
nent articles extracted. The chapter will be structured per individual opioid drug, as 
follows:

    I.    Metabolism-mediated pharmacokinetic and pharmacodynamic interactions

    (a)    Reaction phenotyping and clinical pharmacokinetic and pharmacodynamic 
interactions   

   (b)    Genetic polymorphism       

   II.    Assessing the clinical signifi cance of pharmacokinetic and pharmacodynamic 
interactions

    (a)    Clinical decision-making algorithm        
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20.3       Metabolism/Transport-Mediated Pharmacokinetic 
and Pharmacodynamic Interactions 

20.3.1     Morphine 

20.3.1.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Morphine is primarily metabolized by UGT enzymes and is a substrate of 
p- glycoprotein [ 9 ]. Various UGT enzymes are capable of catalyzing the conjugation 
of morphine [ 10 ], but the principal UGT enzyme appears to be hepatic UGT2B7 
[ 11 ] by virtue of its higher affi nity toward morphine compared to other UGT enzymes 
[ 10 ]. However, a comprehensive reaction phenotyping study, which is needed to 
determine the relative contribution of specifi c UGT enzymes toward the conjugation 
of morphine, is still lacking in the literature. The conjugation of morphine leads to 
the production of morphine-6-glucuronide (M-6-G) and morphine- 3- glucuronide 
(M-3-G). M-6-G appears to be equipotent compared to morphine [ 12 ], whereas 
M-3-G appears to be therapeutically inert but may be associated with toxic effects 
[ 13 ]. The area under the concentration-time curve (AUC) ratios between M-6-G or 
M-3-G and morphine is often used in clinical drug interaction studies to delineate 
the effects of interacting drugs on morphine metabolism. Under normal conditions, 
more M-3-G is produced compared to M-6-G, and their plasma exposure values far 
exceed that of morphine [ 14 ]. Based on these data, drugs that are capable of inducing 
or inhibiting UGT2B7 (e.g., Tables  20.1  and  20.2  [ 10 ]) can potentially affect the 
disposition of morphine and hence its pharmacodynamic effects in the clinic.

    Few studies have examined the effects of coadministered drugs on the disposi-
tion of morphine in humans (Table  20.1 ). Overall, morphine pharmacokinetics is 
minimally altered in the presence of UGT substrates or inhibitors, as evident by the 
lack of effects on the clearance or exposure of morphine and/or its glucuronides 
when propranolol [ 15 ], ranitidine [ 16 ], or travafl oxacin [ 17 ] was given concurrently 
in humans. Despite an apparent morphine-sparing effect and the maintenance of 
sustained M-6-G concentrations (in the presence of reduced morphine dose) by 
diclofenac in patients receiving morphine patient-controlled analgesia [ 18 ], that 
particular study was not designed to determine, mechanistically, diclofenac’s effects 
on morphine glucuronidation. Moreover, despite the fact that the clearance and 
exposure of morphine were increased in the presence of rifampin, a potent UGT 
inducer [ 19 ], the formation of morphine glucuronide also decreased; therefore, the 
apparently signifi cant pharmacokinetic interaction could not be explained by an 
effect of rifampin on morphine glucuronidation alone. In addition to hepatic metab-
olism, studies are also available on the effects of cimetidine, used as a modulator of 
hepatic blood fl ow [ 20 ] and gabapentin [ 21 ], an inhibitor of renal excretion, and 
neither found a signifi cant effect on the pharmacokinetics of morphine in humans 
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                        Table 20.1     In vivo  pharmacokinetic interactions associated with opioid agents in humans   

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

  Morphine (drug)  
 Cimetidine  No effect on clearance or AUC of 

morphine. Morphine glucuronide not 
measured 

 Mojaverian et al. 
[ 20 ] 

 Diclofenac  Potentially morphine-sparing effect (same 
concentration of M-6-G glucuronide 
despite reduced morphine patient- 
controlled analgesic dose) 

 Tighe et al. [ 18 ] 

 Gabapentin  No effect on any measured 
pharmacokinetic parameters (including 
AUC and clearance) of morphine and 
M-3-G 

 Eckhardt et al. [ 21 ] 

 Propranolol  No effect on plasma or urinary 
concentrations of morphine or morphine 
glucuronide 

 Brunk et al. [ 15 ] 

 Quinidine  Increased plasma morphine concentration 
and AUC, decreased plasma glucuronide/
morphine ratio 

 Kharasch et al. [ 9 ] 

 Ranitidine  No effect on the serum AUC or urinary 
M-3-G to M-6-G ratio, but decreased serum 
M-3-G to M-6-G ratio 

 Aasmundstad and 
Storset [ 16 ] 

 Rifampin  Increased clearance, decreased AUC of 
morphine. Decreased clearance of 
morphine glucuronides 

 Fromm et al. [ 19 ] 

 Travafl oxacin  No effect on any measured 
pharmacokinetic parameters (including 
AUC and half-life) of morphine and M-3-G 

 Vincent et al. [ 17 ] 

 Valspodar  No effect on any measured 
pharmacokinetic parameters (including 
AUC and clearance) of morphine. Increased 
AUC and maximum concentration of 
M-3-G 

 Drewe et al. [ 22 ] 

  Morphine (gene)  
 −802A > T 
(UGT) – UGT2B7*2 

 No effect on M-3-G/morphine or M-6-G/
morphine ratio in cancer patients 

 Holthe et al. [ 26 ] 
 Holthe et al. [ 25 ] 

 −840A > G (UGT)  Decreased M-6-G or M-3-G/morphine ratio  Darbari et al. [ 27 ] 

(continued)
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Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 −161C > T (UGT)  Decreased M-6-G/morphine ratio and 
M-6-G or M-3-G concentrations 

 Saywer et al. [ 28 ] 

 −842G > A (UGT)  Decreased plasma morphine concentration. 
No effects on glucuronide concentrations in 
preterm newborns 

 Matic et al. [ 29 ] 

  Codeine (drug)  
 Diclofenac  No effects on the pharmacokinetics of 

codeine. No change in the concentrations of 
codeine-6-glucuronide 

 Ammon et al. [ 34 ] 

 Quinidine  In extensive metabolizers. Decreased 
morphine in plasma 

 Sindrup et al. [ 36 ] 

 Quinidine  Decreased morphine concentration in 
plasma and cerebrospinal fl uid 

 Sindrup et al. [ 38 ] 

 Quinidine  In extensive metabolizers. Decreased the 
O-demethylation of codeine. More 
prominent decrease in Caucasians 
compared to Chinese. Diminished the 
formation of morphine or morphine 
glucuronides 

 Caraco et al. [ 39 ] 

 Quinidine  Decreased plasma morphine  Kathiramalainathan 
et al. [ 37 ] 

 Quinidine, fl uoxetine  Decreased the O-demethylation of 
dextromethorphan (maker substrate for 
CYP2D6) 

 Fernandes et al. [ 40 ] 

 Rifampin  Increased clearance through 
glucuronidation (increased glucuronide 
metabolites and norcodeine), decreased 
formation of morphine 

 Caraco et al. [ 41 ] 

  Codeine (gene)  
 Extensive vs. poor 
metabolizer of sparteine 
(CYP2D6 substrate) 

 Lack of detection of morphine in plasma in 
poor metabolizers 

 Sindrup et al. [ 49 ] 

 Extensive vs. poor 
metabolizer of 
debrisoquine (CYP2D6 
substrate) 

 Lower exposure of morphine in plasma in 
poor metabolizers and reduced clearance 
through the O-demethylation (i.e., 
CYP2D6) pathway 

 Yue et al. [ 52 ] 

 Extensive vs. poor 
metabolizer of 
dextromethorphan 
(CYP2D6 substrate) 

 Increased partial clearance of codeine to 
morphine in plasma of extensive 
metabolizers 

 Chen et al. [ 53 ] 

 Extensive vs. poor 
metabolizer of sparteine 
(substrate for CYP2D6) 

 Lack of detection of plasma morphine or 
M-6-G in poor metabolizers 

 Poulsen et al. [ 50 ] 

 Extensive vs. poor 
metabolizers of sparteine 

 Higher plasma concentrations and amount 
of morphine excreted in urine in extensive 
metabolizers 

 Mikus et al. [ 54 ] 
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Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 Extensive vs. poor 
metabolizer of CYP2D6 
(genotyped) 

 Only trace formation of morphine in 
plasma of poor metabolizers. Percentage of 
morphine converted from codeine in 
extensive metabolizers (3.9 %) much 
greater than poor metabolizers (0.17 %) 

 Eckhardt et al. [ 55 ] 

 Extensive vs. poor 
metabolizer of sparteine 
(CYP2D6 substrate) 

 Lack of detection of plasma morphine or 
M-6-G in poor metabolizers 

 Poulsen et al. [ 51 ] 

 Ultrarapid vs. extensive 
vs. poor metabolizers 
(genotyped) 

 Higher plasma exposure of morphine in 
ultrarapid compared to extensive and poor 
metabolizers. Lower ratio of morphine to 
codeine (and their respective glucuronides) 
in urine 

 Kirchheiner et al. 
[ 56 ] 

  Oxycodone (drug)  
 Clarithromycin  Increased plasma exposure of oxycodone 

and decreased that of noroxycodone 
(age-independent effect) 

 Liukas et al. [ 58 ] 

 Grapefruit juice  Increased plasma exposure of oxycodone, 
decreased noroxycodone/oxycodone ratio. 
Increased plasma exposure of 
oxymorphone 

 Nieminen et al. [ 59 ] 

 Itraconazole  Increased plasma exposure of oxycodone 
(after oral or intravenous dosing) and 
noroxymorphone, but decreased that of 
noroxycodone 

 Saari et al. [ 61 ] 

 Ketoconazole (as 
CYP3A4 inhibitor) and 
quinidine (as CYP2D6 
inhibitor) 

 Quinidine increased plasma exposure of 
noroxycodone and decreased the exposure 
of oxymorphone. Ketoconazole had 
opposite effects 

 Samer et al. [ 64 ] 

 Ketoconazole (as 
CYP3A4 inhibitor) and 
paroxetine (as CYP2D6 
inhibitor) 

 Ketoconazole increased exposure of 
oxycodone, whereas paroxetine had no 
effect, compared to placebo 

 Kummer et al. [ 60 ] 

 Miconazole (oral gel) (as 
a mixed CYP3A4 and 
CYP2D6 inhibitor) 

 Increased plasma exposure of oxycodone 
and noroxycodone but decreased that of 
oxymorphone 

 Gronlund et al. [ 68 ] 

 Paroxetine (as CYP2D6 
inhibitor) and/or 
itraconazole (as CYP3A4 
inhibitor) – oral 
oxycodone 

 Paroxetine decreased plasma exposure of 
oxymorphone but not oxycodone. 
Paroxetine and itraconazole together 
increased plasma exposure of oxycodone 

 Gronlund et al. [ 66 ] 

 Paroxetine (as CYP2D6 
inhibitor) and/or 
itraconazole (as CYP3A4 
inhibitor) – intravenous 
oxycodone 

 Paroxetine did not affect the exposure of 
oxycodone 
 Paroxetine and itraconazole together 
increased plasma exposure of oxycodone 

 Gronlund et al. [ 67 ] 

(continued)
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Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 Rifampin  Decreased plasma exposure of oxycodone, 
oxymorphone and increased noroxycodone/
oxycodone ratio (both oral and intravenous 
dosing) 

 Nieminen et al. [ 70 ] 

 Ritonavir or lopinavir/
ritonavir 

 Increased plasma exposure of oxycodone, 
decreased plasma exposure of 
noroxycodone, and increased plasma 
exposure of oxymorphone (only with 
lopinavir/ritonavir) 

 Nieminen et al. [ 62 ] 

 St. John’s wort (CYP3A4 
inducer) 

 Decreased plasma exposure of oxycodone  Nieminen et al. [ 71 ] 

 Telithromycin (as 
inhibitors for both 
CYP2D6 and CYP3A4) 

 Increased plasma exposure of oxycodone 
and decreased plasma exposure of 
noroxycodone. No effects on the 
pharmacokinetics of oxymorphone 

 Gronlund et al. [ 69 ] 

 Voriconazole  Increased plasma exposure of oxycodone. 
Increased plasma oxymorphone/oxycodone 
ratio, decreased noroxycodone/oxycodone 
ratio 

 Hagelberg et al. [ 63 ] 

 Quinidine  No effect on oxycodone concentrations, 
increased plasma noroxycodone 
concentrations, decreased formation (lack 
of detection) of plasma oxymorphone 

 Heiskanen et al. [ 65 ] 

  Oxycodone (gene)  
 CYP2D6 extensive vs. 
poor metabolizers 

 Signifi cantly increased plasma 
oxymorphone/oxycodone ratio in extensive 
metabolizers 

 Zwisler et al. [ 73 ] 

 CYP2D6 extensive vs. 
poor metabolizers 

 Signifi cantly increased plasma 
oxymorphone/oxycodone ratio in extensive 
metabolizers in postoperative patients 
(intravenous oxycodone) 

 Zwisler et al. [ 74 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. poor 
metabolizers 

 Increased oxymorphone and decreased 
noroxycodone plasma concentration in 
ultrarapid metabolizers of CYP2D6 

 Samer et al. [ 64 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. intermediate 
vs. poor metabolizers 

 Increased oxymorphone/oxycodone
ratio dependent on CYP2D6 metabolizer 
phenotype status 
(ultrarapid > extensive > intermediate >
poor) 

 Stamer et al. [ 72 ] 

  Hydromorphone (gene)  
 −802A > T 
(UGT) – UGT2B7*2 

 No effect on various pharmacokinetic 
parameters of hydromorphone, or H3G 
(including exposure) 

 Vandenbossche
et al. [ 81 ] 

  Fentanyl (drug)  
 Itraconazole  No effects on the pharmacokinetics 

(including clearance) of fentanyl (given 
intravenously) in plasma 

 Palkama
et al. [ 85 ] 

T.K.L. Kiang and M.H.H. Ensom



505

Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 Parecoxib or 
troleandomycin 

 No effects on the pharmacokinetics 
(including exposure) of intravenously 
administered fentanyl in plasma by 
parecoxib. Troleandomycin decreased 
clearance of fentanyl in plasma 

 Ibrahim
et al. [ 87 ] 

 Rifampin, 
troleandomycin, or 
grapefruit juice 

 Rifampin decreased exposure and increased 
clearance of fentanyl in
plasma (given as oral lozenge) whereas 
troleandomycin had opposite effects. 
Rifampin increased whereas 
troleandomycin decreased the exposure of 
norfentanyl in plasma. Grapefruit juice had 
no effects 

 Kharasch
et al. [ 86 ] 

 Ritonavir  Decreased clearance and increased 
exposure in plasma of intravenously 
administered fentanyl 

 Olkkola
et al. [ 88 ] 

 Voriconazole and 
fl uconazole 

 Decreased fentanyl (given intravenously) 
clearance (voriconazole and fl uconazole) 
and increased fentanyl exposure 
(voriconazole) in plasma. Both 
voriconazole and fl uconazole decreased 
exposure of norfentanyl in plasma 

 Saari
et al. [ 89 ] 

  Tramadol (drug)  
 Escitalopram  Decreased plasma exposure of M1 

metabolite 
 Noehr-Jensen
et al. [ 94 ] 

 Methadone (CYP2D6 
inhibition) or 
buprenorphine 

 Decreased urinary ratio of M1/tramadol 
from methadone compared to 
buprenorphine- treated subjects. No 
difference in M2/tramadol or tramadol 
concentrations in urine between two 
treatments 

 Coller
et al. [ 95 ] 

 Paroxetine (CYP2D6 
inhibition) 

 Increased plasma exposure of tramadol. 
Decreased plasma exposure of M1 
metabolite 

 Laugesen
et al. [ 96 ] 

 Paroxetine  Increased urinary tramadol/M1 ratio  Nielsen
et al. [ 97 ] 

 Rifampin (CYP3A4 
induction) 

 Decreased plasma exposure of tramadol 
and M1 metabolite (oral and intravenously 
administered tramadol) 

 Saarikoski et al. [ 98 ] 

 Ticlopidine (CYP2D6 
inhibitor) and itraconazole 
(CYP3A4 inhibitor) 

 Ticlopidine increased plasma exposure of 
tramadol and decreased exposure of M1 
metabolite. Itraconazole had no effects 

 Hagelberg et al. [ 99 ] 

  Tramadol (gene)  
 CYP2D6 extensive vs. 
poor metabolizers 

 Increased plasma M1 concentrations in 
extensive metabolizers (not detectable in 
poor metabolizers) 

 Poulsen et al. [ 100 ] 

(continued)
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Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 CYP2D6 extensive vs. 
poor metabolizers 

 Increased plasma exposure of M1 
metabolite and decreased exposure of 
tramadol in extensive metabolizers 

 Pedersen et al. [ 101 ] 

 CYP2D6 extensive vs. 
poor metabolizers 

 Detectable plasma M1 concentrations only 
in extensive metabolizers 

 Enggaard et al. 
[ 102 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. intermediate 
metabolizers 

 Increased tramadol plasma clearance in 
ultrarapid and extensive metabolizers vs. 
intermediate metabolizers 

 Gan et al. [ 106 ] 

 CYP2D6 extensive vs. 
poor metabolizers 

 Increased plasma exposure of M1 
metabolite, decreased exposure of tramadol 
in extensive metabolizers 

 Garcia-Quetglas 
et al. [ 103 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. intermediate 
vs. poor metabolizers 

 Plasma exposure of the M1 metabolite 
dependent on phenotype status 
(ultrarapid > extensive > intermediate > poor) 

 Stamer et al. [ 105 ] 

 CYP2D6 extensive vs. 
poor metabolizers 

 Increased plasma concentration of M1 
metabolite in extensive metabolizers 

 Halling et al. [ 104 ] 

 CYP2D6 ultrarapid vs. 
extensive metabolizers 

 Increased plasma exposure of M1 
metabolite but decreased exposure of 
tramadol in ultrarapid metabolizers 

 Kirchheiner et al. 
[ 107 ] 

  Methadone (drug)  
 Amprenavir (PI)  Decreased both S- and R-methadone 

plasma exposure (higher magnitude of 
decrease in S- compared to R-isoform) 

 Hendrix et al. [ 126 ] 

 Atazanavir (PI)  No change in S- or R-methadone plasma 
concentrations 

 Friedland et al. 
[ 135 ] 

 Delavirdine (NNRTI)  Increased plasma methadone exposure  McCance-Katz et al. 
[ 145 ] 

 Dolutegravir (INI)  No effect on R-, S-, or total methadone 
plasma exposure 

 Song et al. [ 140 ] 

 Fluconazole (CYP3A4 
inhibitor) 

 Increased methadone exposure in plasma  Cobb et al. [ 121 ] 

 Fosamprenavir-ritonavir 
(PI) 

 Decreased plasma exposure of 
S-methadone > R-methadone 

 Cao et al. [ 149 ] 

 Indinavir (PI)  No effect on plasma exposure of methadone 
(despite signifi cant inhibitory effects on 
CYP3A4 substrate marker exposure) 

 Kharasch et al. 
[ 136 ] 

 Lamivudine/zidovudine 
(NRTI) 

 No effect on plasma exposure of methadone  Rainey et al. [ 150 ] 

 Lersivirine (NNRTI)  No effect on R- or S-methadone plasma 
exposure 

 Vourvahis et al. 
[ 146 ] 

 Lopinavir-ritonavir vs. 
ritonavir (PI) 

 Lopinavir-ritonavir decreased plasma 
exposure of methadone. No effect by 
ritonavir 

 McCance-Katz et al. 
[ 127 ] 

 Lopinavir-ritonavir (PI)  Decreased plasma exposure of methadone  Clarke et al. [ 128 ] 
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Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 Lopinavir-ritonavir (PI)  Decreased plasma concentrations of 
methadone (despite signifi cant inhibitory 
effects toward CYP3A4 substrate marker 
exposure) 

 Kharasch and 
Stubbert [ 129 ] 

 Nelfi navir (PI)  Decreased plasma exposure of R- and 
S-methadone (more reduction with 
S-isomer), despite signifi cant inhibitory 
effects on CYP3A4 substrate maker 
exposure 

 Kharasch et al. 
[ 130 ] 

 Nelfi navir (PI)  Decreased plasma exposure of methadone  McCance-Katz et al. 
[ 131 ] 

 Nelfi navir (PI)  Decreased plasma exposure of R- and 
S-methadone 

 Hsyu et al. [ 132 ] 

 Nevirapine (NNRTI)  Decreased plasma exposure of R- and total 
methadone 

 Stocker et al. [ 142 ] 

 Nevirapine (NNRTI)  Decreased plasma exposure of methadone  Arroyo et al. [ 143 ] 
 Nevirapine (NNRTI)  Decreased plasma exposure of methadone  Clarke et al. [ 144 ] 
 Paroxetine (CYP2D6 
inhibitor) 

 Increased plasma concentrations of both 
R- and S-methadone in CYP2D6 extensive 
metabolizers. Increased plasma 
concentration of S-methadone in poor 
CYP2D6 metabolizers 

 Begre et al. [ 123 ] 

 Quetiapine (CYP2D6 
inhibitor) 

 Increased plasma R-methadone/dose ratio 
(extensive CYP2D6 
metabolizers > intermediate 
metabolizers > poor metabolizers) 

 Uehlinger et al. 
[ 124 ] 

 Rifampin (CYP3A4 
inducer), troleandomycin 
(CYP3A4 inhibitor), 
grapefruit juice (intestinal 
CYP3A4 inhibitor) 

 Rifampin increased clearance of oral and 
intravenous methadone. Troleandomycin 
and grapefruit juice had no effects on 
methadone clearance 

 Kharasch et al. 
[ 114 ] 

 Raltegravir (INI)  No effect on plasma methadone exposure  Anderson et al. 
[ 141 ] 

 Saquinavir/Ritonavir (PI)  Decreased plasma exposure of methadone  Jamois et al. [ 133 ] 
 Saquinavir/ritonavir (PI)  Decreased S- or R-methadone plasma 

exposure 
 Gerber et al. [ 134 ] 

 Saquinavir/ritonavir (PI)  No effect on S- or R-methadone plasma 
exposure 

 Shelton et al. [ 137 ] 

 Sertraline  Increased plasma methadone/dose ratio in 
the fi rst 6 weeks of treatment. No 
difference by week 12 

 Hamilton et al. 
[ 125 ] 

 Tenofovir (NRTI)  No effect on plasma exposure of methadone 
(R-, S-, or total) 

 Smith et al. [ 138 ] 

(continued)
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(Table  20.1 ). On the other hand, inconsistent fi ndings were obtained with pgp 
 inhibitors, valspodar [ 22 ] which did not affect morphine pharmacokinetics com-
pared to quinidine [ 9 ] which apparently increased the absorption (decreased intesti-
nal effl ux) of morphine in humans (Table  20.1 ). 

 In general, studies that have characterized the pharmacodynamic effects of mor-
phine have shown little infl uence by the interacting drug, whereas those that have 
demonstrated an apparent pharmacological effect were potentially confounded by 
other factors (Table  20.2 ). All of these negative fi ndings should be interpreted with 
caution, however, as these studies had relatively small sample sizes and except for 
diclofenac, which is a known potent inhibitor of UGT2B7 [ 10 ], the potency or spec-
ifi city of other putative UGT modulators has not been well characterized. As well, 
the case of rifampin further highlights the complexity of all combined metabolic 
processes in humans: that one should also consider other metabolic pathways being 
affected by the modulator rather than only taking into consideration a single process 
(i.e., glucuronidation) by itself. Alternatively, one might hypothesize that morphine, 
being a high extraction drug, may be relatively insensitive to changes in its intrinsic 
clearance (i.e., as a result of enzyme modulation) than hepatic blood fl ow, which 
may explain the general lack of pharmacokinetic interactions reported for morphine 
in the literature.  

Table 20.1 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacokinetics  Reference 

 Voriconazole (CYP3A4 
inhibitor) 

 Increased both R- and S-methadone 
exposure in plasma 

 Liu et al. [ 122 ] 

 Zidovudine (NRTI)  No effect on plasma exposure of methadone  Schwartz et al. [ 139 ] 
  Methadone (gene)  
 ABCB1 3435TT (reduced 
pgp activity) 

 Decreased R-methadone plasma 
concentration-dose ratio 

 Uehlinger et al. 
[ 124 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. poor 
metabolizers 

 Increased concentrations to dose-to-weight 
ratios of R-methadone in plasma (poor 
metabolizer > ultrarapid metabolizer) 

 Eap et al. [ 147 ] 

 CYP3A4 activity 
 CYP2B6*6/*6 
 CYP2D6 ultrarapid vs. 
extensive vs. intermediate 
vs. poor metabolizer 
 ABCB1 3435TT (reduced 
pgp activity) 

 Lower CYP3A activity led to increased 
trough R- and S-methadone plasma 
concentration 
 CYP2B6*6*6 phenotype led to increased 
plasma S-methadone concentration 
 CYP2D6 extensive metabolizers had 
decreased R- and S-methadone plasma 
concentration vs. extensive and 
intermediate metabolizers 
 ABCB1 3435TT decreased trough R- and 
S-methadone plasma concentrations 

 Crettol et al. [ 148 ] 

   CYP  cytochrome P450,  ECG  electrocardiogram,  INI  integrase inhibitors,  NNRTI  non-nucleoside 
reverse transcriptase inhibitors,  NRTI  nucleoside reverse transcriptase inhibitors,  pgp  
p- glycoprotein,  PI  protease inhibitors,  UGT  uridine 5’-diphospho-glucuronosyltransferases  
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20.3.1.2     Genetic Polymorphism 

 As morphine is primarily conjugated by UGT2B7, polymorphism in this specifi c 
metabolizing enzyme that results in altered phenotype can potentially result in sig-
nifi cant pharmacokinetic alterations. The available literature illustrates a mixed pic-
ture, however, where only certain genetic polymorphisms are associated with altered 
glucuronide to morphine ratios in humans (Table  20.1 ).  In vitro  studies using micro-
somes containing polymorphic -802A > T variant (UGT2B7*2) show little differ-
ence in the formation of morphine glucuronide compared to the wild type [ 23 ,  24 ]. 
These  in vitro  observations are supported by the lack of an effect by UGT2B7*2 
variants in the glucuronide/morphine plasma ratios in cancer patients [ 25 ,  26 ]. On 
the other hand, patients with sickle cell disease possessing the -840A > G allele as a 
hetero- or homozygote had a signifi cantly reduced morphine glucuronide/morphine 
ratio [ 27 ], subjects with the -161C > T allele (which is also in complete linkage dis-
equilibrium with UGT2B7*2) had decreased M-6-G/morphine ratios and reduced 
morphine glucuronide concentrations compared to the wild type [ 28 ], and preterm 
newborns with the -842G > A allele showed decreased morphine concentrations and 
increased M-3-G/morphine ratios [ 29 ]. It has to be noted, however, that these 
genetic studies are of relatively small sample sizes and only association in nature; 
and it remains to be clarifi ed whether these pharmacokinetic variations are trans-
lated to clinically relevant pharmacodynamic effects.   

20.3.2     Codeine 

20.3.2.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Codeine is a weak analgesic that requires further activation to morphine to exert its 
pharmacological effects. The hepatic enzyme responsible for the activation of 
codeine is CYP2D6 [ 30 ], although this pathway constitutes only a small portion of 
codeine clearance as most of codeine is deactivated by UGT2B7, UGT2B4 [ 24 ] and 
CYP3A4 [ 31 ] in the formation of inactive glucuronide metabolites and norcodeine, 
respectively. Given the infl uence of concurrent bioactivation and deactivation path-
ways, pharmacokinetic drug-drug interactions involving codeine are dependent on 
the combined effects of the modulators toward all of these enzyme pathways. For 
example, a CYP3A4 modulator, although not directly responsible for the bioactiva-
tion of codeine, can also affect the CYP2D6 bioactivation pathway indirectly by 
enhancing or reducing the availability of codeine. This scenario was demonstrated 
in a case report where an individual with ultrarapid CYP2D6 genotype (i.e., 
enhanced codeine activation) taking CYP3A4 inhibitors (i.e., reduced codeine deac-
tivation) exhibited codeine intoxication, presumably a result of additive effects of 
two concurrent drug-drug interactions on two separate codeine metabolic pathways 
[ 32 ]. The complexity of codeine metabolism highlighting the interplay between 
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                 Table 20.2     In vivo  pharmacodynamic interactions (mediated by pharmacokinetic changes) 
associated with opioid agents in humans   

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

  Morphine (drug)  
 Cimetidine  No effects on the duration of 

miosis associated with morphine 
 Mojaverian et al. [ 20 ] 

 Diclofenac  Morphine-sparing effect, 
although the analgesic effect 
from diclofenac itself was 
diffi cult to control 

 Tighe et al. [ 18 ] 

 Gabapentin  Increased analgesic effect of 
morphine (cold pressor test, 
although the analgesic effect of 
gabapentin itself was diffi cult to 
control) 

 Eckhardt et al. [ 21 ] 

 Quinidine  Increased morphine-induced 
miosis 

 Kharasch et al. [ 9 ] 

 Rifampin  Signifi cantly decreased the 
analgesic effects of morphine 
(cold pressor test) 

 Fromm et al. [ 19 ] 

 Travafl oxacin  No change on adverse effects 
associated with morphine 

 Vincent et al. [ 17 ] 

 Valspodar  No effects on adverse events 
associated with morphine 

 Drewe et al. [ 22 ] 

  Codeine (drug)  
 Diclofenac  No change in the fi ndings from 

cold pressor test 
 Ammon et al. [ 34 ] 

 Quinidine  In extensive metabolizers. No 
difference in pin-prick or 
tolerance pain thresholds 

 Sindrup et al. [ 36 ] 

 Quinidine  In extensive metabolizers. 
Decreases in codeine therapeutic 
effects only observed in 
Caucasians but not in the Chinese 

 Caraco et al. [ 39 ] 

 Quinidine, fl uoxetine  No effect on codeine dependence  Fernandes et al. [ 40 ] 
 Quinidine  Decreased positive (“high”) and 

negative (“nausea”) effects 
 Kathiramalainathan et al. 
[ 37 ] 

 Rifampin  Decreased respiratory and 
psychomotor but no change in 
miotic effects in extensive 
metabolizers. Opposite effects in 
poor metabolizers 

 Caraco et al. [ 41 ] 

  Codeine (gene)  
 Extensive vs. poor 
metabolizer of sparteine 
(CYP2D6 substrate) 

 Increased pricking pain threshold 
only in extensive metabolizers 

 Sindrup et al. [ 49 ] 
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Table 20.2 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

 Extensive vs. poor 
metabolizer of sparteine 
(CYP2D6 substrate) 

 Extensive metabolizers 
responded to codeine (pain 
reduction and tolerance 
threshold), whereas codeine had 
no effects in poor metabolizers 

 Poulsen et al. [ 50 ] 

 Extensive vs. poor 
metabolizers of sparteine 

 Reduced gastric motility only in 
extensive metabolizers 

 Mikus et al. [ 54 ] 

 Extensive vs. poor 
metabolizer of CYP2D6 
(genotyped) 

 Analgesic effect only evident 
(cold pressor test) in extensive 
metabolizers. Incidence of side 
effects (from visual analogue 
scale) comparable between the 
two phenotypes 

 Eckhardt et al. [ 55 ] 

 Extensive vs. poor 
metabolizer of sparteine 
(CYP2D6 substrate) 

 No difference between the two 
CYP2D6 phenotypes with 
respect to postoperative pain 

 Poulsen et al. [ 51 ] 

 Ultrarapid vs. extensive vs. 
poor metabolizers 
(genotyped) 

 Higher incidence of sedation in 
ultrarapid compared to extensive 
metabolizers 

 Kirchheiner et al. [ 56 ] 

  Oxycodone (drug)  
 Clarithromycin  No difference in behavioral/

ocular/or analgesic 
pharmacodynamic effects 

 Liukas et al. [ 58 ] 

 Grapefruit juice  No effects on analgesia. 
Increased deteriorating effect and 
self-rated performance 

 Nieminen et al. [ 59 ] 

 Itraconazole  Increased alertness, and 
deterioration of performance, but 
no change in heat pain or cold 
pain threshold 

 Saari et al. [ 61 ] 

 Ketoconazole (as CYP3A4 
inhibitor) and paroxetine (as 
CYP2D6 inhibitor) 

 Ketoconazole increased analgesic 
effi cacy, pupil dilation, nausea, 
drowsiness, and pruritus. 
Paroxetine had no effect 

 Kummer et al. [ 60 ] 

 Ketoconazole (as CYP3A4 
inhibitor) and quinidine (as 
CYP2D6 inhibitor) 

 Quinidine decreased whereas 
ketoconazole increased pain 
threshold. Ketoconazole 
treatment also increased side 
effect measures of oxycodone 

 Samer et al. [ 64 ] 

 Miconazole (oral gel)  No pharmacodynamics 
interaction observed (analgesia, 
drowsiness, pleasantness, pupil 
size, cold pain threshold, and the 
digit symbol substitution test (a 
psychomotor measure)) 

 Gronlund et al. [ 68 ] 

(continued)
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Table 20.2 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

 Paroxetine (as CYP2D6 
inhibitor) and/or itraconazole 
(as CYP3A4 inhibitor) 

 Paroxetine alone had no effects 
on subjective drug effects, 
drowsiness, or deterioration of 
performance. Paroxetine and 
itraconazole together 
signifi cantly increased these 
effects 

 Gronlund et al. [ 66 ] 

 Paroxetine (as CYP2D6 
inhibitor) and/or itraconazole 
(as CYP3A4 inhibitor) – 
intravenous oxycodone 

 No change in pharmacodynamic 
effects by paroxetine alone or in 
combination with itraconazole 

 Gronlund et al. [ 67 ] 

 Rifampin  Decreased self-reported 
drowsiness, drug effect, 
deterioration of performance, 
miosis (intravenous), and 
heterotropia (oral). Decreased the 
analgesic effects of oral 
oxycodone only 

 Nieminen et al. [ 70 ] 

 Ritonavir or lopinavir/
ritonavir 

 Increased self-reported drug 
effect, nausea/vomiting. No 
effects on analgesia 

 Nieminen et al. [ 62 ] 

 St. John’s wort (CYP3A4 
inducer) 

 Decreased self-reported drug 
effect. No effects on analgesia 

 Nieminen et al. [ 71 ] 

 Telithromycin (as inhibitors 
for both CYP2D6 and 
CYP3A4) 

 Increased self-rated drug effect 
but decreased self-rated 
performance and pupil size. 
Increased heat pain threshold and 
cold pain analgesia. No effects on 
heat pain analgesia or tactile 
sensitivity 

 Gronlund et al. [ 69 ] 

 Voriconazole  Increased subjective drug effects, 
heterophoria, and miosis. No 
effects on analgesia. Effects on 
adverse events not quantifi able 

 Hagelberg et al. [ 63 ] 

 Quinidine  No effects on psychomotor or 
subjective drug effects. No 
effects on adverse events 

 Heiskanen et al. [ 65 ] 

  Oxycodone (gene)  
 CYP2D6 extensive vs. poor 
metabolizers 

 Increased pain tolerance 
thresholds and pain reduction 
(cold pressor test) in extensive 
metabolizers 

 Zwisler et al. [ 73 ] 

 CYP2D6 extensive vs. poor 
metabolizers 

 No difference between 
metabolizer phenotypes on 
intravenous oxycodone analgesic 
effects in postoperative patients 

 Zwisler et al. [ 74 ] 
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Table 20.2 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

 CYP2D6 ultrarapid vs. 
extensive vs. poor 
metabolizers 

 Greater effects of oxycodone on 
cold pressor test, subjective pain 
threshold, and pupil size in 
ultrarapid versus extensive or the 
poor metabolizers of CYP2D6. 
Side effect measures more likely 
observed in ultrarapid 
metabolizers 

 Samer et al. [ 64 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. intermediate vs. 
poor metabolizers 

 Ultrarapid and extensive 
metabolizers required reduced 
oxycodone consumption but only 
compared to poor metabolizers. 
No difference in pain scores 

 Stamer et al. [ 72 ] 

 Hydromorphone (gene) 
 −802A > T 
(UGT) – UGT2B7*2 

 No effect on adverse events  Vandenbossche et al. [ 81 ] 

  Fentanyl (drug)  
 Parecoxib or troleandomycin  Troleandomycin, but not 

parecoxib, had an effect on pupil 
diameter on intravenously 
administered fentanyl 

 Ibrahim et al. [ 87 ] 

 Itraconazole  No change in pharmacodynamic 
effects (therapeutic effect, 
drowsiness, nausea, itching – via 
visual analogue scale) 

 Palkama et al. [ 85 ] 

  Tramadol (drug)  
 Escitalopram (CYP2D6 
inhibition) 

 No change in response to cold 
pressor test 

 Noehr-Jensen et al. [ 94 ] 

 Paroxetine (CYP2D6 
inhibition) 

 Decreased analgesic effects of 
tramadol compared to tramadol 
alone 

 Laugesen et al. [ 96 ] 

  Tramadol (gene)  
 CYP2D6 extensive vs. poor 
metabolizers 

 Increased pain thresholds and 
analgesic effects (cold pressor 
test) in extensive metabolizers 

 Poulsen et al. [ 100 ] 

 CYP2D6 extensive vs. poor 
metabolizers 

 Decreased analgesia response 
rate in poor metabolizers 

 Stamer et al. [ 101 ] 

 CYP2D6 extensive vs. poor 
metabolizers 

 Increased analgesic effects (cold 
pressor test) in extensive 
metabolizers. Increased pain 
tolerance thresholds to nerve 
stimulation in poor metabolizers 

 Enggaard et al. [ 102 ] 

 CYP2D6 ultrarapid vs. 
extensive vs. intermediate 
metabolizers 

 More adverse events observed in 
intermediate metabolizers 

 Gan et al. [ 106 ] 

(continued)
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Table 20.2 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

 CYP2D6 ultrarapid vs. 
extensive metabolizers 

 Increased pain threshold and pain 
tolerance in ultrarapid 
metabolizers. Increased miotic 
effects and higher incidence of 
nausea in ultrarapid metabolizers 

 Kirchheiner et al. [ 107 ] 

  Methadone (drug)  
 Amprenavir (PI)  No effect on analgesia, 

withdrawal, or dose change 
 Hendrix et al. [ 126 ] 

 Atazanavir (PI)  No effect on methadone 
withdrawal 

 Friedland et al. [ 135 ] 

 Delavirdine (NNRTI)  No effect on cognitive defi cits, 
opioid withdrawal, or adverse 
effects 

 McCance-Katz et al. [ 145 ] 

 Dolutegravir (INI)  No effect on adverse events, 
ECG, vital signs 

 Song et al. [ 140 ] 

 Fluconazole  No effect on opioid overdose  Cobb et al. [ 121 ] 
 Fosamprenavir-ritonavir (PI)  No effect on withdrawal, adverse 

events, or dosage change 
 Cao et al. [ 149 ] 

 Lersivirine (NNRTI)  No effect on methadone 
withdrawal 

 Vourvahis et al. [ 146 ] 

 Lopinavir-ritonavir (PI)  No effect on methadone 
withdrawal or dose adjustment 

 Clarke et al. [ 128 ] 

 Nelfi navir (PI)  No effect on methadone-induced 
miosis 

 Kharasch et al. [ 130 ] 

 Nelfi navir (PI)  No effect on methadone 
withdrawal 

 McCance-Katz et al. [ 131 ] 

 Nelfi navir (PI)  No effect on withdrawal or 
adverse event rate 

 Hsyu et al. [ 132 ] 

 Nevirapine (NNRTI)  Induced withdrawal symptoms in 
90 % of subjects 

 Arroyo et al. [ 143 ] 

 Nevirapine (NNRTI)  Induced withdrawal symptoms in 
6 out of 8 subjects 

 Clarke et al. [ 144 ] 

 Raltegravir (INI)  No change in adverse events  Anderson et al. [ 141 ] 
 Saquinavir/Ritonavir (PI)  No effect on adverse events, 

ECG, vital signs 
 Jamois et al. [ 133 ] 

 Saquinavir/ritonavir (PI)  No effect on withdrawal or dose 
requirement 

 Gerber et al. [ 134 ] 

 Saquinavir/ritonavir (PI)  No effect on sedation or dose 
requirement 

 Shelton et al. [ 137 ] 

 Sertraline (CYP2B6, 
CYP2D6, and CYP3A4 
inhibitor) 

 No effect on adverse events 
associated with methadone. 
Methadone dose adjustment not 
required 

 Hamilton et al. [ 125 ] 
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various metabolic pathways is also demonstrated in a model-based simulation clini-
cal study [ 33 ]. With respect to real clinical drug interaction data, few studies are 
available in the literature and most have focused on drug modulators that affect 
known enzymatic pathways (i.e., CYP2D6, UGT2B7, UGT2B4, and CYP3A4) 
associated with codeine metabolism. For the glucuronidation pathway, diclofenac, 
a potent UGT2B7 inhibitor [ 10 ], did not affect the pharmacokinetics of codeine in 
human subjects as evident by similar elimination rates or maximum concentration 
of codeine-6-glucuronide in the experimental versus the control group [ 34 ] 
(Table  20.1 ). The lack of pharmacokinetic drug interaction also did not translate to 
altered pharmacodynamic effect because the addition of diclofenac to codeine did 
not change the results of a cold pressor test (although it was diffi cult to tease out 
diclofenac’s own analgesic effects) in these human subjects (Table  20.2 ). Of interest 
is that the lack of an observed pharmacokinetic interaction was in contradiction to 
the  in vitro  observation in liver tissue homogenates where diclofenac inhibited the 
formation of codeine-6-glucuronide in a potent manner (Ki = 7.9 μM), suggesting 
that  in vitro  fi ndings do not always correlate with the  in vivo  situation [ 35 ]. 

 With respect to the CYP2D6 bioactivation pathway, studies conducted with 
quinidine or fl uoxetine, putative inhibitors of CYP2D6, reported decreased plasma 
morphine concentrations in extensive metabolizers [ 36 – 39 ], decreased morphine 
concentrations in cerebrospinal fl uid [ 38 ], reduced O-demethylation of codeine 
with corresponding reduction in plasma morphine glucuronide concentrations (an 
effect more prominent in Caucasians than in Chinese) [ 39 ], and decreased 
O-demethylation of dextromethorphan (a marker substrate for CYP2D6) [ 40 ] in 
human subjects coadministered codeine and quinidine/fl uoxetine compared to con-
trols taking codeine alone. These data strongly suggest that the functional  inhibition 
of CYP2D6 activity will translate to signifi cant pharmacokinetic interactions with 
codeine, resulting in reduced formation of morphine and  morphine-6-glucuronide. 
In light of this knowledge, irrespective of the lack of available human data, one 

Table 20.2 (continued)

 Interacting drug/gene 
 Summary effects on opioid 
pharmacodynamics  Reference 

 Tenofovir (NRTI)  No change in opioid withdrawal 
effects and miotic effects 

 Smith et al. [ 138 ] 

 Voriconazole  No effect on opioid withdrawal 
or overdose 

 Liu et al. [ 122 ] 

  Methadone (gene)  
 CYP2D6 ultrarapid vs. 
extensive vs. poor 
metabolizers 

 No difference in treatment 
outcome 

 Eap et al. [ 151 ] 

   CYP  cytochrome P450,  ECG  electrocardiogram,  INI  integrase inhibitors,  NNRTI  non-nucleoside 
reverse transcriptase inhibitors,  NRTI  nucleoside reverse transcriptase inhibitors,  PI  protease 
inhibitors  
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could still predict that potent and selective inhibitors of CYP2D6 will likely  interact 
with codeine bioactivation if administered concurrently. Various lists of CYP2D6 
inhibitors have been compiled by many authors, and readers are directed 
to these references for further details (e.g.,   http://www.fda.gov/Drugs/
DevelopmentApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/
ucm093664.htm    ). CYP2D6 is not subjected to enzyme induction. However, other 
metabolic pathways of codeine (e.g., CYP3A4 and UGT2B7) can be subjected to 
enzyme induction, which can indirectly affect the metabolism of codeine through 
the CYP2D6 pathway. This was demonstrated in a study by Caraco et al. (1997) 
where subjects treated with rifampin showed increased formation of both codeine 
glucuronide and norcodeine (inactive metabolites), while the formation of mor-
phine was signifi cantly decreased presumably due to the shunting of codeine 
metabolism through these inactivation pathways [ 41 ]. 

 While clinically signifi cant pharmacokinetic interactions were observed when 
potent CYP2D6 inhibitors were coadministered with codeine, the corresponding 
pharmacodynamic effects were not always apparent. For example, despite signifi -
cantly decreased plasma morphine concentrations [ 36 ] or demonstrated reduction in 
the O-demethylation of dextromethorphan (marker substrate for CYP2D6), the 
coadministration of quinidine in human subjects taking codeine did not change the 
results of the pin-prick/tolerance pain threshold tests or have any effects on physical 
codeine dependence in the test subjects [ 36 ,  40 ]. On the other hand, a signifi cant 
reduction of morphine or morphine glucuronide concentrations in the presence of 
quinidine did lead to decreased therapeutic and positive (“high”) or negative (“nau-
sea”) effects of codeine in certain studies [ 37 ]. Similarly, in extensive codeine 
metabolizers, patients administered codeine and rifampin had signifi cantly decreased 
respiratory and psychomotor, but no change in miotic effects [ 41 ], presumably asso-
ciated with reduced formation of morphine. An interesting observation is that an 
apparent opposite pharmacodynamic effect (i.e., decreased miotic effect in the 
absence of attenuated respiratory or psychomotor effects) of codeine in the presence 
of rifampin was observed in the same study but only in the cohort of poor (codeine) 
metabolizers [ 41 ]. The latter observation seems to suggest a  differential pattern of 
codeine bioactivation/deactivation which may be dependent on an individual’s 
CYP2D6 phenotype status, a concept that will be discussed further below.  

20.3.2.2     Genetic Polymorphism 

 The importance of CYP2D6 in the bioactivation of codeine has fueled signifi cant 
interests in understanding the effects of CYP2D6 genetic polymorphism on codeine 
pharmacokinetics or pharmacodynamics in humans. A survey of the literature fi nds 
several alarming reports of codeine-related fatalities or severe adverse events poten-
tially secondary to genetic polymorphism of CYP2D6 leading to a higher conver-
sion rate of codeine to morphine [ 32 ,  42 – 46 ]. A case report where an infant died of 

T.K.L. Kiang and M.H.H. Ensom

http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/ucm093664.htm
http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/ucm093664.htm
http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/ucm093664.htm


517

suspected morphine overdose secondary to the breastfeeding mother (who was later 
determined to be an ultrarapid metabolizer) ingesting codeine (prescribed within the 
typical dose limit) highlights the importance of the CYP2D6 gene and codeine 
pharmacokinetic/pharmacodynamic interaction [ 47 ]. Many CYP2D6 alleles are 
known but the functional status of every single one has not been characterized. In 
short, alleles can be designated as null functioning (e.g., CYP2D6*4, *5, or *6), 
reduced functioning (CYP2D6*10 or *41), or full functioning (*CYP2D6*1 or *2). 
Based on allele combinations, an individual can be categorized into one of several 
CYP2D6 metabolic activity phenotypes [ 48 ]: poor metabolizer (lacking any func-
tioning allele), intermediate metabolizer (one normal and one reduced functioning 
allele), extensive metabolizer (at least one full- or two reduced-functioning alleles), 
and ultrarapid metabolizer (duplication of full-functioning alleles) (48). Although 
the percentage of individuals in each CYP2D6 phenotype category varies between 
ethnicity, the majority of humans will be classifi ed as either extensive or intermedi-
ate metabolizers. Pharmacokinetic or pharmacodynamic interactions will likely be 
observed on the two ends of the spectrum, where poor metabolizers would not be 
able to convert codeine to morphine leading to therapy failure, whereas ultrarapid 
metabolizers will convert a higher percentage of codeine to morphine leading to 
toxicity. 

 Clinical data supporting a pharmacokinetic interaction between CYP2D6 
phenotype status and codeine metabolism are clearly evident in the literature. 
Many studies have compared the effects of extensive versus poor metabolizer 
status in humans and reported either a lack of detection of plasma morphine 
[ 49 – 51 ], absence of morphine-6-glucuronide [ 50 ,  51 ], or reduced formation or 
exposure to morphine in plasma and urine [ 52 – 55 ] in poor metabolizers taking 
codeine compared to extensive metabolizers. Moreover, the effects of ultrar-
apid metabolizer phenotype on codeine metabolism have also been compared 
to individuals categorized as extensive or poor metabolizers, where signifi-
cantly higher morphine exposure in plasma and lower total morphine/codeine 
ratios in urine were also observed for these patients with duplicate functional 
CYP2D6 alleles [ 56 ] (Table  20.1 ). These clinically significant pharmacoki-
netic interactions have also been correlated with significant interactions on the 
pharmacodynamic level, where only extensive metabolizers are responsive to 
codeine’s analgesic effects (Table  20.2 ). Likewise, extensive or ultrarapid 
metabolizers of CYP2D6 are also more prone to adverse pharmacodynamic 
effects of codeine, as demonstrated by a significant reduction in gastric motil-
ity (i.e., constipation effect of the opioid) and increased incidence of sedation 
[ 54 ,  56 ] On the other hand, a lack of difference in codeine’s therapeutic effect 
on postoperative pain [ 51 ] or adverse reactions [ 55 ] has also been reported 
when comparing extensive versus poor metabolizers, but the evidence favoring 
a significant interaction (presented above) certainly outweighs that of the null 
effect, and clinical genotyping may be warranted to optimize codeine therapy 
[ 48 ].   
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20.3.3     Oxycodone 

20.3.3.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Oxycodone exerts its analgesic activity directly (i.e., is not a prodrug), is deactivated 
by CYP3A4 (N-demethylation) in the formation of the inert noroxycodone, and is 
bioactivated by CYP2D6 (O-demethylation) in the formation of the relatively more 
potent oxymorphone in humans [ 57 ]. The formation of noroxycodone is the predomi-
nant pathway in human liver microsomes and constitutes to a large extent the total 
intrinsic clearance of oxycodone [ 57 ]. Based on this mechanistic information, one can 
predict drug-drug interactions with CYP3A4, and potentially CYP2D6, modulators. 

 The available clinical data in the literature support a prominent role of CYP3A4 in 
mediating pharmacokinetic drug-drug interactions with oxycodone. Various inhibi-
tors of CYP3A4 (i.e., clarithromycin [ 58 ], grapefruit juice [ 59 ], ketoconazole [ 60 ], 
itraconazole [ 61 ], ritonavir or lopinavir/ritonavir [ 62 ], voriconazole [ 63 ]) have been 
shown to signifi cantly increase the plasma exposure of oxycodone or reduce the for-
mation of noroxycodone. The data support a shunting effect where the inhibition of 
CYP3A4-mediated N-demethylation enhances the O-demethylation of oxycodone 
through the CYP2D6 pathway (i.e., grapefruit juice [ 59 ], ritonavir or lopinavir/ritona-
vir [ 62 ], voriconazole [ 63 ]). On the other hand, CY2D6 inhibitors, when used alone, 
are only able to reduce the exposure of noroxymorphone with little effects on that of 
oxycodone, as demonstrated in studies that have used quinidine [ 64 ,  65 ] and parox-
etine [ 60 ,  66 ,  67 ]. The observation of a relatively minor and possibly insignifi cant role 
of CYP2D6 in mediating oxycodone drug-drug interactions is supported by the fact 
that only the coadministration of both CYP2D6 and CYP3A4 inhibitors can have an 
effect on the pharmacokinetics of oxycodone, as shown in studies using miconazole 
[ 68 ], paroxetine with itraconazole [ 66 ,  67 ], and telithromycin [ 69 ] (Table  20.1 ). 
Supporting a major role of CYP3A4 in mediating pharmacokinetic drug interactions 
with oxycodone, inducers of this enzyme have also been demonstrated to signifi cantly 
reduce the plasma exposure of oxycodone and increase that of the inactive metabolite, 
noroxycodone/rifampin [ 70 ], and St. John’s wort [ 71 ] (Table  20.1 ). 

 Despite signifi cant clinical pharmacokinetic drug-drug interactions observed with 
CYP3A4 modulators and oxycodone, the pharmacodynamic effects from the inter-
actions were less apparent. Some CYP3A4 modulators produced pharmacokinetic 
interactions in the absence of pharmacodynamic effects (e.g., clarithromycin [ 58 ] 
miconazole [ 68 ], paroxetine with ketoconazole [ 67 ]), whereas others only generated 
mixed pharmacodynamic effects (e.g., grapefruit juice [ 59 ], rifampin [ 70 ], ritonavir 
[ 62 ], St. John’s wort [ 71 ], and telithromycin [ 69 ], voriconazole [ 63 ] (Table  20.2 )). 
However, the relative importance of CYP3A4 and CYP2D6 in mediating pharmaco-
dynamic drug interactions is consistent with the pattern observed for pharmacoki-
netic interactions where modulators of CYP3A4 are more likely to be associated 
with signifi cant pharmacodynamic interactions compared to CYP2D6 modulators 
(e.g., paroxetine and quinidine; Tables  20.1  and  20.2 ). It is unclear why there is a 
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lack of robust pharmacokinetic-pharmacodynamic relationship in oxycodone drug 
interactions, but one might hypothesize that the small samples used in these studies 
and/or the semiquantitative nature of some pharmacodynamic tests (e.g., self-rated 
drug effect) may have contributed to some false-negative fi ndings. Nevertheless, 
taken together, the overall evidence supports the prediction of signifi cant pharmaco-
kinetic-pharmacodynamic drug interactions of oxycodone with strong CYP3A4 
inducers or inhibitors. Many authors have published various lists of CYP3A4 modu-
lators, and readers are directed to these references for further details (e.g.,   http://
www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/
DrugInteractionsLabeling/ucm093664.htm    ).  

20.3.3.2     Genetic Polymorphism 

 All of the investigations on the pharmacogenetics of oxycodone have focused on the 
minor, but bioactivating, CYP2D6 pathway because no functional polymorphic 
phenotypes have yet been identifi ed for oxycodone’s major metabolic pathway 
(CYP3A4). The available data in the literature indicate that the plasma oxymor-
phone/oxycodone ratio is clearly dependent on CYP2D6 metabolizer status where 
ultrarapid metabolizers produce more oxymorphone than extensive metabolizers 
[ 64 ,  72 ], and in turn have higher catalytic activity compared to the poor metaboliz-
ers [ 73 ,  74 ] (Table  20.1 ). However, consistent with the observation made on the 
CYP2D6 drug modulators, genetic polymorphism of CYP2D6 has little or at best 
mixed impact on the pharmacodynamics of oxycodone (Table  20.2 ); thus, more 
studies are needed to increase this body of knowledge. The clinical signifi cance of 
CYP2D6 polymorphism on oxycodone drug effects remains to be proven.   

20.3.4     Hydromorphone 

20.3.4.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Hydromorphone is relatively more potent than morphine and primarily metabolized by 
UGT enzymes in the formation of therapeutically inactive metabolites. The primary 
enzymes responsible for the conjugation of hydromorphone have been identifi ed as 
hepatic UGT1A3 [ 75 ] and UGT2B7 [ 76 ], and the major metabolite generated is hydro-
morphone-3-glucuronide (H3G), the plasma concentration of which can be many fold 
higher than hydromorphone in humans [ 77 ]. Like its parent compound, H3G has been 
demonstrated to be more potent than its counterpart, morphine- 3- glucuronide [ 78 ], and 
induce neurotoxic side effects [ 13 ] in various animal models. However, the presence of 
these adverse effects of H3G remains to be determined in humans, and preliminary 
reports have demonstrated a lack of correlation between plasma H3G concentrations 
and untoward side effects (e.g., myoclonus) in patients given hydromorphone [ 79 ]. 
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Unlike morphine, few or no drug interaction studies associated with hydromorphone 
metabolism have been reported in the literature. However, various substrates, inhibi-
tors, and inducers of human hepatic UGT1A3 and UGT2B7 have been identifi ed [ 10 ] 
 in vitro , which can potentially mediate pharmacokinetic interactions with hydromor-
phone  in vivo . Despite the lack of human data, the clinical signifi cance of the effects of 
these putative modulators on hydromorphone metabolism may be predicted using data 
obtained from  in vitro  models (e.g., human liver microsomal systems or primary cul-
tures of hepatocytes) in an approach that may minimize drug testing in humans yet 
generate meaningful clinical drug interaction data [ 80 ].  

20.3.4.2    Genetic Polymorphism 

 Similar to a general lack of metabolism-mediated pharmacokinetic interaction data 
for hydromorphone in the literature, little is available on the impact of genetic poly-
morphism in humans. In a study in Taiwanese patients, individuals with UGT2B7*2 
genotype (a -802A > T genetic variant that results in reduced catalytic activity) 
exhibited similar pharmacokinetic parameters (exposure and maximum concentra-
tion) of hydromorphone and H3G in plasma compared to wild-type patients [ 81 ]. 
The H3G/hydromorphone ratio also did not change, supporting a lack of genetic 
effect on the metabolism of hydromorphone in these subjects. The lack of pharma-
cokinetic gene-drug interaction also translated to null pharmacodynamic effects, 
where UGT2B7 genotype did not impact the incidence of adverse events associated 
with hydromorphone. These negative fi ndings are consistent with those observed 
for morphine [ 25 ,  26 ] and may suggest that UGT2B7*2 genetic polymorphism has 
little impact toward opioid metabolism, in general. However, the effects of other 
polymorphic alleles of UGT2B7 or UGT1A3 (which is also known to exhibit poly-
morphism [ 10 ]) on the metabolism of hydromorphone remain to be determined.   

20.3.5     Fentanyl 

20.3.5.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Fentanyl is a versatile opioid as it can be administered by various routes and is often 
used in the treatment of cancer and non-cancer pain [ 82 ]. Fentanyl is extensively 
metabolized primarily by hepatic CYP3A4 in the production of norfentanyl, as demon-
strated in experiments conducted in human liver microsomes [ 83 ,  84 ], and the metabo-
lite is considered therapeutically inert. Because it is catalyzed primarily by CYP3A4, 
fentanyl may be subjected to various drug-drug interactions known to take place with 
this isoenzyme. All of the clinical studies in the literature, to the best of our knowledge, 
have focused on the effects of CYP3A4 modulators on the pharmacokinetics of fen-
tanyl and the fi ndings are somewhat inconsistent: itraconazole (a potent inhibitor) [ 85 ], 
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grapefruit juice [ 86 ], and parecoxib [ 87 ] (the latter 2 agents are relatively weaker inhibi-
tors of CYP3A4) had little effects on the clearance, whereas troleandomycin, ritonavir, 
fl uconazole, and voriconazole (potent inhibitors of CYP3A4) signifi cantly reduced the 
plasma exposure and/or clearance of intravenously or orally administered (as a lozenge) 
fentanyl in human subjects [ 86 ,  88 ,  89 ]. Consistent with the trend that the signifi cance 
of interacting effects on fentanyl may be dependent on the potency of the CYP3A4 
modulator, rifampin, a strong CYP3A4 inducer, was also shown to clearly increase the 
clearance and reduce the exposure of fentanyl in plasma [ 86 ] (Table  20.1 ). Not all inter-
action studies mentioned above have discussed pharmacodynamics effects, but those 
that have reported such effects are generally in agreement with the pharmacokinetic (or 
lack of) interactions observed: that troleandomycin, but not parecoxib, modulated the 
effects of fentanyl on pupil diameter [ 87 ], whereas itraconazole had little infl uence on 
fentanyl’s therapeutic and adverse (drowsiness, nausea, pruritus) effects [ 85 ] 
(Table  20.2 ). Moreover, case reports are available in the literature that seem to favor a 
pharmacokinetic- mediated pharmacodynamic interaction, such as the manifestation of 
delirium after coadministration of diltiazem (a known CYP3A4 inhibitor) and the 
reduction of fentanyl transdermal patch’s therapeutic effi cacy when rifampin is given 
concurrently [ 90 ]. The inconsistencies observed in the literature of CYP3A4 modula-
tors might be explained by the fact that these inhibitors or inducers may have also 
affected other (minor) metabolic pathways known to metabolize fentanyl [ 91 ], (e.g., 
resulting in mixed patterns of drug interactions that can be rationalized only if the inves-
tigators had determined the pharmacokinetics of all possible metabolites of fentanyl). 
Alternatively, fentanyl is considered a relatively high extraction drug; thus, its clearance 
is more dependent on hepatic blood fl ow than intrinsic hepatic clearance (i.e., metabo-
lism-mediated clearance). This theory, as suggested by Ibrahim et al [ 87 ], might explain 
our observation that only strong modulators (i.e., those presented above) have an effect 
on the pharmacokinetics or pharmacodynamic of fentanyl in humans.  

20.3.5.2    Genetic Polymorphism 

 Since no functional genetic polymorphisms have been identifi ed for CYP3A4, the 
primary isoenzyme responsible for the deactivation of fentanyl, little or no known 
pharmacogenomic data are available in the literature.   

20.3.6     Tramadol 

20.3.6.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Tramadol is marketed as a racemic mixture and exerts its analgesic action via 
 mu- receptor binding and norepinephrine/serotonin reuptake inhibition [ 8 ]. Tramadol 
is primarily metabolized by CYP2D6 (O-demethylation) and CYP3A4 
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(N-demethylation) in the formation of active M1 and inactive M2 metabolites, 
respectively, as demonstrated  in vitro  in human liver microsomes and c-DNA- 
expressed CYP450 enzymes [ 92 ]. The M1 metabolite is relatively more potent than 
tramadol, as evident by its much higher affi nity toward mu-receptor binding [ 93 ]. 
The majority of the clinical drug interaction data in the literature have focused on 
the effects of CYP2D6 modulators on the disposition of tramadol. Relatively weak 
inhibitors of CYP2D6 such as escitalopram [ 94 ] and strong inhibitors such as meth-
adone [ 95 ] or paroxetine [ 96 ,  97 ] were capable of decreasing the plasma exposure 
or urinary recovery of the M1 metabolite while increasing that of tramadol 
(Table  20.1 ). Stronger inhibition of M1 metabolite formation was translated to 
reduced analgesic effects in humans [ 96 ], whereas escitalopram did not change the 
subjects’ responses to the cold pressor test [ 95 ] (Table  20.2 ). On the other hand, 
fewer data were available on the effects of CYP3A4 modulators toward the disposi-
tion of tramadol in humans. Rifampin pretreatment was shown to reduce the plasma 
exposure of both the parent and the active M1 metabolite in patients administered 
oral or intravenous tramadol [ 98 ], supporting the result of enzyme induction and 
possibly enhanced metabolism through the CYP3A4 pathway (no M2 metabolite 
data were collected in support of this theory in the study). Itraconazole, as a rela-
tively potent CYP3A4 inhibitor, had no additional effects to tramadol or M1 metab-
olite plasma exposure when used in combination with ticlopidine, an inhibitor of 
CYP2D6 [ 99 ]. Unfortunately, neither study assessed pharmacodynamic outcomes; 
thus, a correlation could not be established with (or lack of) changes observed on 
the pharmacokinetics of tramadol. More data are certainly needed to ascertain the 
contributions of CYP3A4 and CYP2D6 toward the pharmacokinetic and pharmaco-
dynamic drug-drug interactions associated with tramadol.  

20.3.6.2    Genetic Polymorphism 

 No functional genetic polymorphisms have been identifi ed for CYP3A4; thus, the 
clinical literature data on tramadol pharmacogenomics have focused only on the 
role of the polymorphic CYP2D6. Various studies have reported the effects of 
CYP2D6 metabolizer phenotype on the pharmacokinetics of tramadol and found 
increased plasma exposure of the M1 metabolite (which corresponded with 
decreased exposure of the parent drug) in extensive metabolizers compared to poor 
metabolizers administered tramadol [ 100 – 104 ]. The pharmacokinetic effects were 
more prominent in ultrarapid metabolizers where further increases in plasma M1 
metabolite exposure were observed compared to extensive or intermediate metabo-
lizers [ 105 – 107 ] (Table  20.1 ). These pharmacokinetic changes also corresponded 
with pharmacodynamic effects, where the degree of analgesia or level of pain 
threshold appears to be dependent on the presence of functional CYP2D6 alleles 
(i.e., ultrarapid > extensive > poor metabolizers) (Table  20.2 ). On the other hand, the 
extent of adverse events observed is less apparent, where some studies reported 
more adverse events with intermediate metabolizers (vs. ultrarapid) [ 106 ] and oth-
ers reported the opposite [ 107 ]. One may hypothesize that tramadol and its M1 
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metabolite may each lead to a range of side effects, and the discrepancy observed 
with respect to CYP2D6 metabolizer status and adverse events might be attributed 
to pharmacokinetic changes observed with either the parent or the metabolite. 
Overall, the literature clearly supports a pharmacokinetic-pharmacodynamic inter-
action mediated by CYP2D6 genetic polymorphism. This, taken together with drug 
interaction data using CYP2D6 inhibitors discussed above, suggests that the coad-
ministration of CYP2D6 modulators can be predicted to lead to signifi cant drug 
interactions in the clinic. Various lists of CYP2D6 inhibitors have been compiled by 
many authors, and readers are directed to these references for further details (e.g., 
  http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/
DrugInteractionsLabeling/ucm093664.htm    ).   

20.3.7     Methadone 

20.3.7.1     Reaction Phenotyping and Clinical Pharmacokinetic 
and Pharmacodynamic Interactions 

 Methadone is a racemic mixture of R- and S-enantiomers that exhibit differential 
activity toward mu-receptor binding. The R-form exhibits a higher affi nity toward 
the opioid receptor [ 108 ] and hence exhibits greater analgesic effects. The 
S-enantiomer has antagonistic activity toward N-methyl-D-aspartate receptors and is 
an uptake inhibitor of norepinephrine and serotonin neurotransmitters [ 109 ,  110 ], 
which are responsible for pharmacological drug-drug interactions with other sero-
tonin modulators such as the selective serotonin reuptake inhibitor class of antide-
pressants. Methadone is unique in that it has an extremely long half-life [ 111 ] and is 
one of the principal therapies in opioid withdrawal/maintenance regimens widely 
used to manage heroin addictions [ 112 ]. Methadone is extensively metabolized in the 
liver to inactive N-demethylated metabolites, and  in vitro  reaction phenotyping stud-
ies have determined CYP2B6 [ 113 – 115 ] and CYP3A4 [ 116 – 118 ] to be the principal 
enzymes. Other CYP450 enzymes (e.g., CYP2D6 and CYP2C9) have also been 
identifi ed but the relative contributions of these isoenzymes to the overall metabo-
lism of methadone still remain to be determined [ 113 ,  119 ,  120 ]. Moreover, CYP2B6, 
but not CYP3A4, catalyzes methadone in a regioselective manner [ 115 ,  119 ], an 
effect that can potentially result in different concentrations of R- or S-methadone and 
complicates the interpretation of results from drug interaction studies. 

 Methadone is subjected to potential clinically signifi cant drug-drug interactions, 
primarily mediated by CYP2D6 and CYP3A4 modulators. Clinical studies have 
described mixed effects of classical CYP3A4 inhibitors on the pharmacokinetics of 
methadone, where fl uconazole [ 121 ] and voriconazole [ 122 ] both increased metha-
done exposure in plasma, but troleandomycin [ 114 ] and grapefruit juice [ 114 ] had 
little effects (Table  20.1 ). However, signifi cant pharmacokinetic interactions from 
fl uconazole or voriconazole did not translate to pharmacodynamic effects because 
the coadministration of either drug was not associated with signs of methadone 
overdose or withdrawal in test subjects (Table  20.2 ). Confi rming a role of CYP3A4 in 
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methadone metabolism, rifampin, a potent CYP3A4 inducer, was shown to increase 
the clearance of methadone [ 114 ] (Table  20.1 ), but correlation to pharmacodynamic 
effects was not established in that particular study. Moreover, studies with CYP2D6 
inhibitors or mixed CYP2D6/CYP3A4 inhibitors have also reported signifi cant 
drug-drug interactions, where paroxetine [ 123 ] increased the plasma concentrations 
of both racemic forms of methadone in patients genotyped as CYP2D6 extensive 
metabolizers, quetiapine [ 124 ] elevated the plasma R-methadone/dose ratio in a 
fi nding that was also dependent on CYP2D6 metabolizer phenotype, and sertraline, 
a mixed CYP2D6/3A4 inhibitor [ 125 ], also elevated methadone concentration/dose 
ratio in the plasma (Table  20.1 ). Other than a lack of correlation between sertraline’s 
pharmacokinetic effects and adverse events associated with methadone, the other 
studies did not attempt to correlate pharmacokinetic interactions with pharmacody-
namic changes (Table  20.2 ). 

 Clinical drug interactions between methadone and HIV antiviral agents have 
received signifi cant interest because of the overlapping patient populations that 
would require the two types of therapies. Overall, most of the literature focuses on 
protease inhibitors (PIs) (Table  20.1 ), where mixed fi ndings toward the pharmaco-
kinetics of methadone have been reported. In general, PIs are substrates for CYP3A4 
and theoretically should compete with the metabolism competitively and elevate the 
plasma concentrations of methadone. The opposite effects, however, were observed 
in clinical studies where amprenavir [ 126 ], lopinavir-ritonavir [ 127 – 129 ], nelfi navir 
[ 130 – 132 ], and saquinavir/ritonavir [ 133 ,  134 ] have all been shown to decrease 
plasma exposure of total, R-, or S-methadone in human subjects (Table  20.1 ). On 
the other hand, a lack of effect on the pharmacokinetics of methadone has also been 
demonstrated for several protease inhibitors, despite control experiments demon-
strating signifi cant inhibition toward CYP3A4 in situ: atazanavir [ 135 ], indinavir 
[ 136 ], and saquinavir/ritonavir [ 137 ]. These observations support a drug interaction 
pattern that is unlikely mediated by CYP3A4 inhibition, but rather induction by PI 
toward other metabolic pathways of methadone (e.g., CYP2D6 or CYP2B6) in 
humans. Molecular studies (e.g., using  in vitro  experimental models that can be 
subjected to drug induction experiments such as cultured human hepatocytes) are 
still needed to support this theory. The majority of pharmacokinetic changes medi-
ated by PI are not correlated with altered pharmacodynamic effects of methadone 
(e.g., withdrawal, adverse events, requirement for dose adjustment, laboratory test-
ing, electrocardiogram (ECG) readings) (Table  20.2 ). 

 Data are also available on the nucleoside reverse transcriptase inhibitors (NRTIs) 
where neither tenofovir nor zidovudine affected the plasma exposure of the two 
enantiomers of methadone [ 138 ,  139 ] (Table  20.1 ). Likewise, integrase inhibitors 
(INIs) dolutegravir [ 140 ] and raltegravir [ 141 ] also had little effects on the plasma 
exposure of methadone. With respect to pharmacodynamic effects, none of these 
antiviral agents were associated with altered withdrawal, miosis, or abnormal labo-
ratory values (e.g., ECG readings) when coadministered with methadone. These 
observations are consistent with the general lack of metabolism-mediated drug 
interactions associated with the NRTIs and INIs in the literature. On the other hand, 
signifi cant pharmacokinetic changes were observed for non-nucleoside reverse 
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transcriptase inhibitors (NNRTIs) which were consistent with their metabolic prop-
erties: that the inductive effects of nevirapine toward CYP3A4 may have resulted in 
decreased plasma exposure [ 142 – 144 ], the inhibitory effects of delavirdine toward 
CYP3A4 contributed to increased plasma exposure [ 145 ], and a general lack of 
metabolic-interaction effects of lersivirine resulted in no change [ 146 ] in the plasma 
exposure of methadone in humans (Table  20.1 ). The coadministration of nevirapine 
should be cautioned since two studies have demonstrated increased withdrawal 
symptoms when combined with methadone (Table  20.2 ).  

20.3.7.2    Genetic Polymorphism 

 Only a few studies are available in the literature examining the effects of genetic 
polymorphisms on methadone metabolism (Table  20.1 ) and there appear to be sig-
nifi cant interacting effects by CYP2D6 metabolizer status [ 147 ,  148 ], CYP2B6 
polymorphism [ 148 ], or ABCB1 polymorphism [ 124 ,  148 ]. However, more phar-
macokinetic studies are needed to support these observations and to correlate with 
pharmacodynamic effects, where information is still fairly sparse (Table  20.2 ).    

20.4     Assessing the Clinical Signifi cance of Pharmacokinetic 
and Pharmacodynamic Interactions: Clinical Decision- 
Making Algorithm 

 We have provided an extensive overview on the pharmacokinetic-pharmacodynamic 
drug-drug interactions associated with a selection of opioid drugs that are com-
monly used in the clinic today. We propose that the following clinical decision- 
making algorithm, modifi ed from what we have developed previously [ 152 ], can be 
used to ascertain the clinical signifi cance of pharmacokinetic-mediated pharmaco-
dynamic interactions with opioid analgesics:

    1.    Does the effector drug and its metabolites possess pharmacokinetic properties 
(i.e., absorption, distribution, metabolism, elimination) that can be subjected to 
drug interaction?  The majority of data on opioids has focused on drug metabo-
lism, and there are   in vitro   data to support the   in vivo   observations. Moreover, 
many opioids ( e.g.,  codeine) are metabolized by enzymes that are known to 
exhibit genetic polymorphism and this additional (gene-drug interaction) factor 
must be considered.    

   2.    Does the effector drug and its metabolites possess pharmacodynamic properties 
that can be subjected to drug interaction?  The majority of data on opioids has 
focused on their classical analgesic properties, effects on pain threshold, and 
adverse effects such as somnolence, nausea/vomiting, gastrointestinal motility, 
or miosis. Additional atypical adverse effects such QT   C    prolongation ( e.g.,  asso-
ciated with methadone) or serotonin syndrome ( e.g.,  associated with tramadol) 
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must be considered and can be manifested by pharmacokinetic-associated phar-
macodynamic interactions.    

   3.    Does the interacting drug possess pharmacokinetic or pharmacodynamic proper-
ties that can subject an opioid agent to drug interactions?  The same consider-
ations discussed for points 1) and 2) above also apply here.    

   4.    Is there evidence that the combination has caused statistically signifi cant changes 
in drug pharmacokinetics in humans?  The evidence must be appropriately 
weighted based on limitations in study design ( e.g.,  nature of experimental 
model, generalizability of the data to the real clinical situation, etc.). The avail-
able human data for opioids only represent a small fraction of all the possible 
drug interactions but one may use various   in vitro   or in silico approaches to aid 
the prediction of pharmacokinetic interactions.    

   5.    Is there evidence that a signifi cant pharmacokinetic interaction is associated with 
a pharmacodynamic interaction?  The evidence must be appropriately weighted 
based on limitations in study design. Information on pharmacokinetic-mediated 
pharmacodynamic interactions is relatively scarce in the literature compared to 
the available pharmacokinetic data.     
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    Chapter 21   
 Clinically Signifi cant Interactions 
with Stimulants and Other Non-stimulants 
for ADHD                     

       Rania     S.     Kattura       and     M.     Lynn     Crismon     

    Abstract     The pharmacologic treatment of attention defi cit and hyperactivity disor-
der (ADHD) involves the use of stimulant and non-stimulant agents. These agents 
have been implicated in various pharmacokinetic and pharmacodynamic interac-
tions that could result in clinical outcomes that are either favorable or unfavorable 
to the patient’s treatment. This chapter provides a discussion of such interactions 
and their management. Genetic polymorphisms associated with certain drug trans-
porter systems and cytochrome P450 alleles have been shown to potentially alter 
treatment response when stimulant and non-stimulant agents are used for the man-
agement of ADHD. Some of the pharmacokinetic and pharmacodynamic interac-
tions may not be considered clinically signifi cant. However, patient-specifi c factors 
will often determine whether a potential drug interaction is clinically signifi cant, 
and it is important for the treating physician to evaluate each patient’s regimen to 
discern the signifi cance of a potential interaction in that patient. Similarly, the area 
of pharmacogenomics continues to evolve, and as more becomes known in this area, 
treatment outcomes could be affected. After evaluation of the drug regimen and 
associated drug interaction, the clinician must determine whether therapy should be 
continued without changes or altered. Nonetheless, clinicians should adhere to rec-
ommended medication monitoring parameters and dose adjustments based on 
patient-specifi c parameters, as outlined by product labeling and clinical guidelines.  
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21.1       Introduction 

 Stimulant and non-stimulant agents are used for the management of ADHD in chil-
dren, adolescents, and adults. While the use of these agents is effective in improving 
ADHD symptoms, pharmacokinetic and pharmacodynamic interactions have been 
reported when they are used in combination with other medications, foods, alcohol, 
or tobacco. Additionally, genetic polymorphisms at certain transporter protein sites 
and cytochrome P450 enzyme alleles have been implicated in potentially altering 
treatment response and producing clinical drug interactions associated with these 
agents. These interactions call for close attention to the prescribed medication regi-
men, as a change in therapy may be needed to reduce the potential for adverse 
events or to improve effi cacy. This chapter details pharmacokinetic and pharmaco-
dynamic drug interactions that occur with stimulant and non-stimulant agents and 
discusses genetic polymorphisms associated with these agents. This chapter also 
provides information on dose adjustment based on known patient factors and 
reviews recommended monitoring parameters and patient safety information for 
these agents.  

21.2     Pharmacokinetic Interactions 

 This section details phase I drug interactions associated with stimulant and non- 
stimulant agents, p-glycoprotein-based interactions and interactions involving food, 
drink, tobacco, and herbals. Some of the interactions discussed in this section are 
theoretical and may not be clinically signifi cant; others have both theoretical and 
clinical signifi cance. To date, methylphenidate-containing agents have not been 
shown to be infl uenced by the pharmacokinetics of other drugs. However, numerous 
reports suggest that it affects the disposition of other drugs. Amphetamine has been 
shown to be affected by CYP2D6 inhibitors based on early studies involving quini-
dine. Those studies demonstrated a delay in the excretion of the metabolite 
(p-hydroxyamphetamine) [ 1 ,  2 ]. 

21.2.1     Phase I Mechanistic Interactions 

 The use of tricyclic antidepressants (TCAs) with methylphenidate- and amphetamine- 
containing products has yielded mixed data with regard to the signifi cance of the 
interaction. Wharton and colleagues [ 3 ] reported methylphenidate 20 mg/d inhibit-
ing the metabolism of the tertiary amine TCA imipramine and to a lesser extent the 
secondary amine desipramine, yielding higher steady-state concentration of the 
TCA being evaluated. Studies evaluating the effects of amphetamine on serum TCA 
concentrations yield no clinically signifi cant interaction [ 4 ].  
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21.2.2     Atomoxetine Drug Interactions 

 Atomoxetine, a norepinephrine reuptake inhibitor, is a substrate for CYP2D6 
enzyme which is capable of forming the major metabolite of atomoxetine, 
4-hydroxyatomoxetine glucuronide [ 5 ]. Accordingly, there are potential interac-
tions between this agent and CYP 2D6 inhibitors. Paulzen et al. [ 6 ] describe a 
38-year-old male with uncontrolled ADHD and receiving treatment with atomox-
etine 90 mg/d. While the patient’s symptoms improved, they were not in remission, 
and the patient continued to have trouble at work. Low-dose paroxetine (10 mg/d), 
a selective serotonin reuptake inhibitor antidepressant (SSRI) and a potent CYP 
2D6 inhibitor, was added to the regimen, and the patient reported improved symp-
toms and better work productivity. Paulzen et al. compared atomoxetine serum con-
centrations with and without the presence of paroxetine and showed a two- and 
threefold increase in atomoxetine serum concentrations, respectively, 120 and 
240 min following paroxetine administration. 

 Dextromethorphan, an antitussive found in nonprescription cough suppressants, 
is metabolized via the CYP 2D6 pathway. In vitro studies suggest that atomoxetine, 
but not methylphenidate, inhibits metabolism of dextromethorphan. However, no 
clinical reports are available to confi rm this drug interaction [ 7 ]. 

 The protease inhibitors, ritonavir and darunavir, used for the management of 
human immunodefi ciency virus (HIV), are potent CYP 2D6 inhibitors. Accordingly, 
a downward dose adjustment of atomoxetine is recommended, and close monitoring 
of the patient is advised [ 8 ]. No published case reports are available to support this 
interaction. However, as with dextromethorphan, clinicians should be vigilant when 
combining ritonavir or darunavir with atomoxetine due to the possibility of side 
effects associated with elevated atomoxetine serum concentrations.  

21.2.3     P-glycoprotein-Based Interactions 

 P-glycoprotein is found in the blood–brain barrier among other body tissues. 
Accordingly, p-glycoproteins inhibit substrate penetration into the central nervous 
system (CNS) and hence result in reduced effi cacy of medications [ 9 ]. There are no 
in vivo studies evaluating stimulant interactions with p-glycoprotein transporter but 
in vitro studies exist. In vitro studies show that of the agents used for the manage-
ment of ADHD, l-methylphenidate and atomoxetine are the most potent 
p- glycoprotein inhibitors and potential interaction with p-glycoprotein substrates 
cannot be excluded. Isomers of methylphenidate and amphetamine show 
p- glycoprotein inhibitory effects at concentrations above 50–100 μM but are unlikely 
to affect the pharmacokinetics of co-administered p-glycoprotein substrates in vivo 
[ 9 ]. While in vivo studies evaluating p-glycoprotein interactions with agents used to 
manage ADHD are lacking, clinicians should be comfortable when prescribing such 
agents given that to date the p-glycoprotein effects on drug disposition are unlikely. 
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 Guanfacine, a selective α-2 agonist used for the management of ADHD in com-
bination with another agent or as monotherapy, has been shown to result in variable 
inter-patient response when used in children with ADHD and pervasive develop-
mental disorder. As a result, guanfacine has been evaluated for possible 
p- glycoprotein activity as a way to explain the interindividual variability in response 
shown in available studies [ 10 ,  11 ]. Mahar et al. fi rst showed that guanfacine is a 
weak p-glycoprotein substrate, and later, this was confi rmed by Gillis et al. [ 12 ]. 
Results from the Gillis et al. [ 12 ] study do not support McCraken’s fi ndings in 
which response to guanfacine was correlated with the single nucleotide protein 
(SNP) MDRI gene [ 13 ]. This study suggests the variation in guanfacine response is 
not related to the p-glycoprotein transporter as previously thought.   

21.3     Smoking, Food, and Other Types of Interactions 

21.3.1     Methylphenidate Formulations 

 The pharmacokinetics of certain long-acting stimulant formulations can be affected 
by food or substances which alter the gastric pH, intestinal motility, or intestinal tran-
sit time. The extent of absorption of methylphenidate in any of its oral formulations is 
not affected in fasting conditions. However, as shown in Table  21.1 , food delays time 
to peak concentration ( T  max ) which is likely due to delayed gastric emptying [ 14 ]. 

   Table 21.1    Effects of food on stimulants   

 Stimulant type  Formulation 
 General food effect 
[ 14 ,  15 ] 

 Effect of high-fat 
meal [ 14 ,  15 ] 

 Methylphenidate  Metadate CD   T  max  delayed by 1 h  ↑ C  max  by 30 % 
 ↑AUC by 17 % 

 Concerta   T  max  delayed by 1 h 
 ↑ C  max  by 10–30 % 

 Ritalin and ritalin LA   T  max  delayed by 1 h 
 Ritalin SR  ↑ C  max  by 17 %, ↑AUC by 

14 % 
 Amphetamine  Adderall XR  ↑renal excretion with 

acidic foods 
 ↓AUC over the fi rst 
8 h post exposure 

 Dexmethylphenidate   T  max  delayed by 1 h 
 Lisdexamphetamine  Vyvanse   T  max  delayed by 1 h, 

AUC and  C  max  unaffected 
 Amphetamine-
containing stimulants 

 ↑renal excretion with 
acidic foods 
 ↓renal excretion with 
urinary alkalizers 

  AUC area under the curve,  C  max  maximum serum concentration,  T  max  time to reach maximum 
serum concentration ( C  max )  
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Depending on the formulation, peak methylphenidate serum concentrations ( C  max ) 
have been shown to either increase or decrease after eating, suggesting that rate of 
drug absorption may be affected by dietary food intake [ 14 ]. This is not the case for 
the methylphenidate formulations that can be mixed or sprinkled (Ritalin LA-SODAS 
formulation) into applesauce as no changes in bioavailability of the medication were 
detected; however,  T  max  is delayed by one hour if given with a high- fat meal.

   Transdermal formulations of methylphenidate are not affected by fed and unfed 
states of the patient but are associated with inter-patient variability secondary to 
non-gastrointestinal factors such as surface area of the patch and duration that the 
patch is worn [ 15 ]. In contrast, lisdexamphetamine formulations have less inter- 
patient variability with respect to systemic amphetamine exposure largely due to its 
dependence on enzymatic cleavage, through hydrolysis in the blood, of the precur-
sor molecule [ 15 ]. 

21.3.1.1     Age Effects 

 Preschool children treated with immediate release methylphenidate showed smaller 
treatment effect size compared to school-aged children receiving the same medica-
tion. Additionally, discontinuation due to side effects was reported more often in pre-
schoolers receiving immediate release methylphenidate compared with school- aged 
children (11 % vs. < 1 %) [ 15 ]. However, this information should be interpreted care-
fully as the authors were comparing discontinuation rates from two different studies. 

 Bupropion has been shown to have a shorter half-life in adolescents (12 h) com-
pared with adults (21 h), suggesting faster metabolism in adolescents. Based on this, 
divided dosing for bupropion in adolescents is recommended for optimal symptom 
coverage throughout the day [ 16 ].  

21.3.1.2     Gender Effects 

 Although males tend to receive lower mg/kg/day doses of methylphenidate products 
(Concerta, Ritalin LA, Metadate CD) (approximately 30 % lower in males in one 
study), the mean area under the curve (AUC) between the genders did not differ 
[ 14 ,  15 ]. When methylphenidate dosing is normalized for body weight, it has been 
shown that females have lower systemic exposure based on a milligram per kilo-
gram dosing regimen [ 15 ]. Of note, there is no difference in the half-life of methyl-
phenidate between genders; accordingly, it is possible that females have greater 
fi rst-pass metabolism of methylphenidate compared to males. In children, girls 
demonstrate superior responses compared to boys after 1.5 to 3 h from receiving 
methylphenidate (Concerta, Metadate CD) with inferior responses seen later in the 
day, i.e., 7.5 to 12 h post dose [ 17 ,  18 ]. These differences where independent of the 
once-daily long-acting stimulant used, each having their own pharmacokinetic and 
delivery system [ 18 ]. Nonetheless, more studies are needed to further explain this 
phenomenon and whether it has any implications for drug interactions.   

21 Clinically Signifi cant Interactions with Stimulants



540

21.3.2     Methylphenidate and Alcohol 

 Methylphenidate metabolism primarily yields the inactive metabolite, ritalinic acid, 
a de-esterifi cation product [ 18 ]. However, when administered with ethanol, the pres-
ence of the transesterifi cation product ethylphenidate has been detected. Additionally, 
methylphenidate serum concentrations and AUC were shown to be increased in the 
presence of alcohol in normal metabolizers [ 18 ]. The concentration of ethylpheni-
date after administration of a single dose of methylphenidate (20 mg) and moderate 
alcohol consumption (1.6 mg/kg) was noted to correlate with methylphenidate and 
not with that of alcohol. Ethylphenidate produces a stimulatory effect, though less 
active than methylphenidate. Ethanol is expected to potentiate the effects of methyl-
phenidate when co-administered, with magnifi ed effects seen in individuals who do 
not clear methylphenidate at normal rates, are receiving higher doses of methylphe-
nidate, or are abusing methylphenidate [ 19 ,  20 ]. Table  21.2  highlights interactions 
between alcohol and stimulants and non-stimulant agents. Other miscellaneous 
interactions are also listed in the table.

21.4         Pharmacodynamic Drug Interactions with Stimulants 
and Non-stimulant Agents Used for the Management 
of ADHD 

 Earlier in this chapter, potential pharmacokinetic interactions with stimulants and 
non-stimulant ADHD agents were highlighted. These interactions suggest a dose–
concentration relationship; however, an overview of the response–concentration 
relationship is just as important. Table  21.3  illustrates pharmacodynamic interac-
tions that may occur with stimulant and non-stimulant agents used in ADHD 
treatment. 

 The use of monoamine oxidase inhibitors (MAOIs) is contraindicated with stim-
ulant agents, atomoxetine and bupropion due to the risk for hypertensive crisis. 
Should stimulant therapy, atomoxetine, or bupropion be needed in a patient  receiving 
a MAOI, MAOI discontinuation and a 14-day washout period is recommended prior 
to initiating the ADHD medication [ 5 ,  23 ]. A similar approach is recommended 
when using the anti-infective linezolid. However, if a patient is already receiving 
bupropion, it should be held for the duration of linezolid treatment and, if needed, 
reinitiated 24 h after completion of linezolid treatment. 

 Similarly, atomoxetine is contraindicated with MAOIs or within 2 weeks of 
 discontinuation of a MAOI, or other medications which change the concentration 
of monoamines in the brain [ 5 ]. Serious and sometimes fatal reactions have been 
reported when atomoxetine was taken with a MAOI. Such reactions include hyper-
thermia, rigidity, myoclonus, autonomic instability with possible rapid fl uctuations 
of vital signs, and mental status changes, including extreme agitation progressing 
to delirium and coma. Aggarwal et al. discuss a 10-year-old stabilized on atomox-
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etine 40 mg/d who was initiated on linezolid 310 mg IV every 8 h for the manage-
ment of an infection [ 33 ]. Based upon the mechanism of action of the antibiotic, the 
authors suspected a possible drug interaction. Atomoxetine was held during the 

   Table 21.2    Stimulant/non-stimulant miscellaneous interactions   

 Interacting agent  Medication  Effect  Notes 

 Alcohol  Methylphenidate 
[ 15 ,  21 ,  22 ] 

 ↑d-methylphenidate  C  max  
40 % 

 Effect may be 
more pronounced 
with Ritalin LA 
and Metadate CD 

 ↑d-methylphenidate AUC 
25 % 

 Bupropion [ 23 ]  ↑risk for seizures 
 Guanfacine/clonidine 
[ 24 ] 

 Potentiates hypotensive 
effects; CNS depression 

 Caffeine [ 25 ,  26 ]  Stimulants  Additive CNS effects  Caffeine- 
containing natural 
products include: 
coffee, guarana, 
cola nut, green tea, 
Yerba mate 

 E.g., ↑irritability, 
nervousness, insomnia, 
cardiac side effects 
 ↑blood pressure 

 Bupropion  ↑risk for seizures 
 Guanfacine/clonidine  ↓antihypertensive effects 

 St. John’s wort 
[ 24 ,  27 ] 

 Guanfacine/clonidine  ↓serum guanfacine 
concentrations 

 Twofold increase 
in guanfacine dose 
is recommended 

 Ephedrine [ 28 ,  29 ]  Guanfacine/clonidine  ↓antihypertensive effects  Ephedrine 
containing natural 
products include: 
Ma huang 

 Yohimbine [ 30 ]  Guanfacine/clonidine  ↓antihypertensive effects 
 Stimulants  ↑risk of hypertensive 

crisis 
 Kava-kava  Atomoxetine  ↑atomoxetine levels via 

CYP 2D6 inhibition 
 Eucalyptus [ 31 ]  Amphetamines  ↓amphetamine plasma 

levels 
 Urinary 
alkalinizing agents 
(e.g., citric acid, 
sodium lactate, 
acetazolamide) 
[ 32 ] 

 Amphetamines  ↓urinary excretion of 
amphetamine, increasing 
the half-life and 
therapeutic action of 
amphetamines 

 Avoid combination 
if possible. If 
combination used 
however, monitor 
the patient’s blood 
pressure 

 Urinary acidifi er 
(e.g. ammonium 
chloride) 

 Amphetamines, 
dexamphetamines 

 ↑elimination of 
dexamphetamine in urine 
by 20 times [ 4 ] 

 Avoid combination 
if possible 

 Amphetamine clearance 
is accelerated and 
duration of effect reduced 
[ 32 ] 
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hospital stay, and the patient was instructed to restart it 14 days after discontinua-
tion of the antibiotic. This case exemplifi es the importance of anticipating potential 
drug interactions that may be serious and being proactive in managing patients who 
could be at risk for this or similar drug interactions. 

 Methylene blue has been reported to cause serotonin syndrome when combined 
with antidepressants [ 34 ]. While not reported clinically, stimulants have been pro-
posed to cause the same when combined with methylene blue, but the interaction is 
theoretical [ 21 ].

21.5        Genetic Polymorphisms 

21.5.1     Carboxylesterase 1 (CES 1) Gene 

 The Carboxylesterase 1 (CES 1) enzyme is responsible for the metabolism of meth-
ylphenidate as well as other medications and illicit substances such as cocaine and 
heroin by cleavage of the ester group [ 39 ]. This metabolic pathway results in both 
inactive and active metabolites. A single nucleotide protein (SNP) can signifi cantly 
infl uence metabolism and disposition of medications metabolized via the CES 1 
enzyme. With regard to methylphenidate, Zhu et al. reported an increase in hemo-
dynamic measures [blood pressure and heart rate] after administration of racemic 
methylphenidate to a subject of European descent. Upon further investigation, 
mutations on the CES 1 gene were identifi ed as contributors to the pharmacokinetic 
changes and alterations in drug response observed in this patient [ 18 ,  39 ]. The CES 
1 gene variants result from an amino acid substitution on exon 4 and a deletion on 
exon 6. These mutations have been shown to yield high serum methylphenidate 
concentrations (up to a sevenfold increase). Pharmacodynamically, higher systolic 
blood pressure, diastolic blood pressure, heart rate, and mean arterial pressure were 
recorded in those with the CES 1 gene variants compared to those without the gene 
variant [ 39 ]. Although this suggests an increased risk of adverse events in individu-
als with any of the CES 1 gene variants, further studies are needed to confi rm this 
fi nding. 

 The hepatic enzyme CES 1 is considered the major source for the metabolism of 
methylphenidate and likely the reason for drug–drug interactions occurring inde-
pendent of the CYP P450 metabolic pathways. Zhu et al. demonstrated this in an 
in vitro study in which an overexpressing CES 1 enzyme cell line was used in the 
presence of medications known to inhibit the CES 1 metabolic pathway and by 
extension methylphenidate metabolism [ 40 ]. The study identifi ed aripiprazole, per-
phenazine, thioridazine, and fl uoxetine as most potent CES 1 inhibitors. These CES 
1 inhibitors identifi ed by Zhu et al. may be used with methylphenidate in patients 
being treated for ADHD comorbid with other psychiatric disorders. The investiga-
tors combined aripiprazole with methylphenidate in vivo and found an increased 
plasma concentration of total methylphenidate, suggesting an alteration of methyl-
phenidate pharmacokinetics [ 40 ]. This is considered a novel explanation for drug–
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drug interactions involving methylphenidate which is primarily metabolized via 
CES 1 enzyme pathway. Based upon this described interaction pathway, increased 
adverse effects could occur [ 41 ,  42 ]. For example, psychosis occurred in an adoles-
cent who was switched from risperidone to aripiprazole while also taking methyl-
phenidate. The etiology for the psychosis in this patient was proposed to be related 
to the increase in methylphenidate concentration [ 41 ]. While Ekinci proposed the 
psychosis to be related to increase methylphenidate concentration, it is diffi cult to 
conclude that this is a pharmacokinetic interaction as serum drug concentrations 
were not collected. 

 Another potent inhibitor of the CES 1 enzyme identifi ed is nelfi navir, a protease 
inhibitor used in the management of patients with HIV. When combined with meth-
ylphenidate, nelfi navir inhibited hydrolysis of methylphenidate in a concentration-
dependent manner which could result in clinically signifi cant drug–drug interactions; 
however, in vivo studies are needed to confi rm this [ 43 ].   

21.6     Monitoring Recommendations and Safety Parameters 
for Stimulants 

 In pediatric patients, stimulants have been implicated in causing weight loss and 
increase in blood pressure (mean 2–4 mmHg) and heart rate (mean 3–6 bpm). 
Accordingly, baseline weight, height, blood pressure, and heart rate should be 
obtained, and weight, height, blood pressure, and pulse should be checked at every 
follow-up visit [ 21 ,  22 ,  32 ,  44 ]. An electrocardiogram (ECG) is recommended if the 
patient or their family history suggests an increased risk for cardiovascular disor-
ders. Co-occurring mental disorders are common in individuals with ADHD. A 
thorough mental status assessment should be performed before beginning stimu-
lants. If a co-occurring mental disorder exists, then the clinician needs to consider 
whether additional pharmacological or psychosocial treatment needs to be targeted 
toward the co-occurring disorder. Mild depression and anxiety is often secondary to 
ADHD and may likely improve with improvement in ADHD symptoms [ 45 ]. 
Although concern exists regarding stimulants exacerbating the course of bipolar 
disorder, available research does not substantiate this as long as the patient is receiv-
ing an appropriate regimen for the bipolar disorder [ 46 ]. Although parents are often 
concerned about the potential of abuse in adolescents prescribed stimulants, avail-
able research indicates that the risk of substance abuse in individuals with ADHD is 
lower if they are taking stimulants [ 47 ]. However, adolescents and young adults 
prescribed stimulants may divert stimulants by selling or giving them to others [ 48 ]. 
Educating the patient and their family is one way to help deter abuse and diversion 
with stimulants, and prescribers are encouraged to keep careful prescription records 
for prescribed stimulants. No established correlation has been found between serum 
concentrations and clinical response; accordingly, therapeutic drug monitoring for 
stimulants is not recommended [ 15 ]. 
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 Severe cases of liver injury have been reported with atomoxetine; therefore, liver 
function tests should be obtained at baseline and the patient and caregiver taught to 
monitor for signs of jaundice during treatment. If jaundice develops, atomoxetine 
should be discontinued [ 5 ]. Weight and height as well as blood pressure and heart 
rate should be monitored at baseline and throughout treatment according to the 
manufacturer package insert [ 5 ]. Reports of sudden cardiac death with atomoxetine 
are available; therefore, a thorough history of the patient’s cardiovascular health and 
family history of cardiovascular disease should be completed prior to initiating 
treatment. Atomoxetine carries a boxed warning regarding increased risk for sui-
cidal ideation; however, no completed suicides have been reported in clinical trials. 
Nonetheless, patients started on atomoxetine should be monitored for potential 
mood changes and suicidality [ 5 ]. 

 Bupropion, like atomoxetine, carries a boxed warning for suicidal ideation, and 
patients should be screened and monitored for potential suicidal thoughts and 
behaviors and mood changes throughout treatment [ 23 ]. Patients should be screened 
for potential risk or history of seizure disorders or eating disorders prior to initiating 
bupropion therapy. No specifi c laboratory measures are needed during bupropion 
treatment; however, measuring blood pressure during treatment is recommended by 
the manufacturer [ 23 ]. 

 Clonidine and guanfacine do not have any required laboratory testing prior to 
their initiation. As both of these medications were originally developed as antihy-
pertensives, the package insert recommends baseline measurement of vital signs, at 
dose increase and periodically as necessary for the patient. Patients who are receiv-
ing concomitant sympathomimetics should have their blood pressures measured 
frequently [ 24 ,  44 ].     
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    Chapter 22   
 Clinically Signifi cant Interactions 
with Cholinesterase Inhibitors and Other 
Antidementia Agents                     

       Chad     M.     VanDenBerg     

    Abstract     Cholinesterase inhibitors (ChEIs) and the NMDA receptor antagonist 
memantine are the currently approved treatment options for patients diagnosed with 
Alzheimer’s disease (AD). Due largely to the lack of alternatives, these same medi-
cations are consequently used off-label to treat the many other forms of dementia, 
too. Future treatments for AD may include disease-modifying agents targeting amy-
loid beta production or aggregation including several immunotherapies. Potential 
drug interactions with these medications are limited since neither the ChEIs nor 
memantine is known for strong inhibition or induction of the cytochrome P450 
(CYP) enzymes. Inhibitors of CYP3A4 or CYP2D6 may increase the concentra-
tions of donepezil or galantamine leading to increased or reappearance of adverse 
events, typically GI related. Clinically signifi cant interactions due to protein bind-
ing, glucuronidation, and p-glycoprotein are unlikely. Pharmacodynamic interac-
tions may occur with ChEIs when other drugs affecting the cholinergic system are 
administered concomitantly. Similar pharmacodynamic interactions with meman-
tine are unlikely. The clinical consequences of drug interactions with any of the 
ChEIs or memantine would most likely present as increased adverse events typical 
for these medications. Clinicians should monitor for increased cholinergic effects 
and potentially adjust dosage of ChEIs when drugs with potential pharmacokinetic 
or pharmacodynamic interactions are added to patient therapy for dementia.  
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   Alzheimer’s disease (AD), the most common form of dementia, is characterized by 
a gradual decline in cognition, activities of daily living, and behavior and produces 
characteristic symptoms such as memory loss, confusion, agitation, and diffi culties 
performing the activities of daily living. The prevalence of AD is strongly correlated 
with increasing age and is a consequence of progressive neurodegeneration of the 
brain occurring over a period of several years or even decades. As the neurodegen-
eration progresses, the symptoms become more severe over time, creating a decline 
in independence and an increasing reliance on caregiver support. By the end stages 
of AD, patients are frequently bedridden due to substantial impairments or com-
plete loss of motor abilities, continence, swallowing, eating, and speech. 

 Loss of cholinergic neurons in areas of the brain associated with learning, execu-
tive functioning, and memory is central to the symptomatology of Alzheimer’s dis-
ease. The exact mechanism for the loss of these neurons remains unclear; however, 
amyloid plaques and neurofi brillary tangles in the brain of AD patients are two key 
pathological features of the disease. Amyloid plaques consist mainly of insoluble 
amyloid beta peptide; however, it has been proposed that the soluble oligomers of 
amyloid beta, rather than the insoluble deposits, are primarily responsible for cho-
linergic neurodegeneration and the impairment of synaptic function [ 1 ,  2 ]. 
Neurofi brillary tangles consisting of hyperphosphorylated tau proteins which are 
deposited in neuronal cell bodies and dystrophic neurites also correlate with the loss 
of cholinergic function. These observations form the basis of the cholinergic hypoth-
esis of AD [ 3 ]. In addition to the neurotoxic proteins, dysfunction in the glutamater-
gic system leading to overstimulation of NMDA receptors may lead to the direct 
impairment of cognition and further long-term neuronal loss [ 4 ,  5 ]. 

 Based on these pathological observations, the two drug classes that are current 
standard therapy for patients diagnosed with AD are cholinesterase inhibitors 
(donepezil, rivastigmine, and galantamine), which increase levels of acetylcholine 
in the brain, and the NMDA receptor antagonist, memantine. None of these agents 
modify the course of the disease, but rather have been approved based on symptom-
atic improvement. All agents are approved specifi cally for the treatment of AD at 
various stages, but their use in other forms of dementia (vascular, Lewy body 
dementia), neurological diseases (cerebral ischemia, traumatic brain injury, 
Parkinson’s disease), and psychiatric disorders (cognitive impairment in schizo-
phrenia, attention defi cit disorders) is common. With regard to AD, the ChEIs pro-
duce modest improvements over time in cognition versus placebo with adverse 
effects mainly due to excessive cholinergic stimulation causing gastrointestinal, 
neurological, or cardiovascular abnormalities. A majority of the drug interactions 
with these medications arise from the exacerbation of the known adverse effects 
through either pharmacodynamic or pharmacokinetic properties. Other conse-
quences of drug interactions including loss of effi cacy due to decreases in concen-
tration of ChEIs or memantine are less problematic mainly due to the already small 
clinical effect on cognition and the diffi culty in demonstrating differences in clinical 
effect of individual patients over time. 

 Although none have been approved, there are several mechanistically different 
strategies that may provide treatment targets for AD in the future. Since there is 
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evidence to indicate that aberrant amyloid beta production or clearance is an early 
component in the pathogenesis of AD, treatments targeting the amyloid cascade 
may be effective as disease-modifying agents and include passive and active 
immunotherapies, antiaggregation approaches, and γ- and β-secretase inhibitors. 
Several trials of immunotherapies designed to increase the clearance of amyloid 
beta by means of prolonged treatment with monoclonal antibodies directed against 
this peptide to reducing brain amyloid have proven ineffective. Since amyloid 
accumulation probably starts many years before the onset of symptoms, initiation 
of anti-amyloid treatments only after dementia develops, as was the case for the 
failed studies, may be too late to affect the clinical course of the disease. Other 
strategies based on the pathophysiology of AD include neurotransmitter-based 
therapies, metabolic or neurotrophic drugs, regenerative approaches, glial cell 
modulators, and tau protein modulator approaches. Drug interactions with these 
novel agents will be based on each treatment’s proposed mechanism of action and 
or specifi c physical properties or effects. In the case of immunotherapies, drug 
interactions are unlikely due to the specifi city of the antibodies for specifi c pro-
teins of interest. 

 For the purpose of this chapter, the known, clinically signifi cant drug interac-
tions with the ChEIs and memantine will be addressed. Section  22.1.1  will address 
each medication individually. Sections  22.1.2 ,  22.1.3 ,  22.1.4 , and  22.1.5  will 
address existing evidence on other specifi c pharmacokinetic drug interactions, 
while Sect.  22.2  will address the clinically relevant drug interactions based on drug 
class. 

22.1     Pharmacokinetic Drug Interactions 

 Pharmacokinetic drug interactions involving the ChEIs and memantine are reviewed 
below. The potential phase I interactions for each individual agent are evaluated 
from both the potential of other agents to cause changes in the CYP metabolism of 
the antidementia drugs and the potential for the antidementia drugs to cause changes 
in the CYP metabolism of other drugs. Information on phase II drug interactions, 
protein binding interactions, and other mechanistic interactions is also evaluated 
where evidence exists. 

22.1.1        Phase I Mechanistic Interactions (CYP) 

 Interactions with ChEIs through the CYP system are mainly due to the inhibition of 
enzymes by other drugs added to therapy causing decreased metabolism of the ChEI 
resulting in excessive cholinergic stimulation and related toxicities. Interactions 
caused by ChEIs due to their effect on the CYP system are less common but will be 
addressed where applicable. 
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22.1.1.1     Donepezil 

 Donepezil is metabolized primarily through the CYP3A4 subsystem and to a lesser 
extent through the CYP2D6 subsystem; therefore, drugs that either inhibit or induce 
those CYP subsystems (Table  22.1 ) have the potential to affect the plasma concentra-
tions of donepezil [ 6 ,  7 ]. In a study of healthy volunteers, ketoconazole 200 mg, a 
potent inhibitor of CYP3A4, administered concomitantly with donepezil 5 mg, sig-
nifi cantly increased donepezil concentrations (AUC and Cmax) after both single and 
multiple doses with an estimated increase of 23–30 % at steady state [ 8 ]. Clinically 
signifi cant pharmacokinetic effects were not demonstrated in a study with sertraline, 
a CYP2D6 subsystem inhibitor [ 9 ]; however, case reports for the potent CYP2D6 
inhibitors paroxetine [ 10 ] and fl uoxetine [ 11 ,  12 ] suggest that an interaction is pos-
sible. Two patients previously receiving paroxetine exhibited increased gastrointesti-
nal adverse effects when concomitantly administered with donepezil 5 mg/day. 
Symptoms in both patients persisted until donepezil was discontinued [ 10 ]. A patient 
with a 3-year history of donepezil 10 mg treatment was initiated on fl uoxetine and 
developed signs of cholinergic excess including excessive salivation, lacrimation, 
and fecal incontinence. Upon discontinuation of both drugs, symptoms resolved [ 12 ].

         Table 22.1    Potential pharmacokinetic interactions with ChEIs and memantine   

 Mechanism  Drug/drug class  Interaction 

 CYP3A4 
inhibition 

 Amiodarone, cimetidine, clarithromycin, 
erythromycin, azole antifungals (e.g., ketoconazole, 
etc.), fl uoxetine, fl uvoxamine, sertraline, conivaptan, 
nefazodone, cobicistat, delavirdine, protease 
inhibitors (e.g., indinavir, etc.), suboxone, 
telithromycin, aprepitant, grapefruit juice, 
verapamil, diltiazem, chloramphenicol, 
ciprofl oxacin, delavirdine, diethyldithiocarbamate, 
gestodene, imatinib, mibefradil, mifepristone, 
norfl oxacin 

 ↑ Donepezil 
concentrations 
 ↑ Galantamine 
concentrations 

 CYP2D6 
inhibition 

 Bupropion, cinacalcet, fl uoxetine, paroxetine, 
quinidine, duloxetine, sertraline, terbinafi ne, 
amiodarone, cimetidine, celecoxib, 
chlorpheniramine, chlorpromazine, citalopram, 
clemastine, clomipramine, diphenhydramine, 
doxepin, doxorubicin, escitalopram, haloperidol, 
hydroxyzine, methadone, metoclopramide, 
midodrine, moclobemide, perphenazine, ranitidine, 
ritonavir, ticlopidine, tripelennamine 

 ↑ Donepezil 
concentrations 
 ↑ Galantamine 
concentrations 

 P-glycoprotein 
inhibition 

 Clarithromycin, erythromycin, ritonavir, and 
verapamil 

 ↑ Galantamine 
concentrations 

 P-glycoprotein 
induction 

 Rifampicin and St. John’s wort  ↓ Galantamine 
concentrations 

 Urinary 
alkalization 

 Carbonic anhydrous inhibitors (e.g., acetazolamide) 
and sodium bicarbonate 

 ↑ Memantine 
concentrations 

 Competitive 
renal secretion 

 Hydrochlorothiazide, triamterene, metformin, 
cimetidine, ranitidine, quinidine, nicotine 

 ↑ Memantine 
concentrations 

C.M. VanDenBerg



555

   Although no clinical studies have been completed to identify an effect of done-
pezil on other drugs metabolized through the CYP3A4 or CYP2D6 subsystems, 
in vitro studies demonstrate a low rate of binding to these enzymes suggesting that 
drug interactions of this type are unlikely [ 6 ]. 

 No signifi cant pharmacokinetic interactions or clinical adverse events have been 
reported when donepezil was coadministered with memantine, risperidone, or anti- 
Parkinson’s disease medications [ 13 – 15 ].  

22.1.1.2     Galantamine 

 Similar to donepezil, galantamine is metabolized through the CYP3A4 and CYP2D6 
subsystems. In addition to the CYP metabolic routes of elimination, galantamine is 
also glucuronidated and excreted unchanged, with no single pathway appearing to 
be predominant. To determine the effects of the inhibition of CYP on the bioavail-
ability of galantamine, studies were conducted in healthy volunteers who were 
coadministered with the potent CYP2D6 inhibitor paroxetine 20 mg/day or the 
CYP3A4 inhibitor ketoconazole 200 mg BID or erythromycin 500 mg QID. Plasma 
levels of galantamine were increased by 40 %, 30 %, and 10 % by paroxetine, keto-
conazole, and erythromycin, respectively [ 16 ]. A population pharmacokinetic study 
of patients coadministered with galantamine with amitriptyline, fl uoxetine, fl uvox-
amine, or quinidine demonstrated decreases in galantamine clearance between 25 
and 33 % [ 16 ]. 

 Although no clinical studies have been completed to identify an effect of galan-
tamine on other drugs metabolized through the CYP subsystems, in vitro studies 
demonstrate a low rate of binding to CYP1A2, CYP2A6, CYP3A4, CYP4A, 
CYP2C, CYP2D6, or CYP2E1 enzymes indicating that the inhibitory potential of 
galantamine toward the major forms of cytochrome P450 is very low, and drug 
interactions of this type are unlikely.  

22.1.1.3     Rivastigmine 

 Rivastigmine is primarily metabolized through hydrolysis by esterases and not sig-
nifi cantly metabolized through the CYP system; therefore, clinically signifi cant, 
phase I drug interactions are not expected [ 17 ]. In vitro studies with different CYP 
subsystems including CYP1A2, CYP2D6, CYP3A4/5, CYP2E1, CYP2C9, CYP2C8, 
CYP2C19, or CYP2B6 support this expectation [ 17 ]. Studies conducted with healthy 
volunteers coadministered with rivastigmine with diazepam or fl uoxetine also dem-
onstrated no signifi cant interactions [ 17 ]. Population pharmacokinetic analysis 
showed that the pharmacokinetics of oral rivastigmine were not infl uenced by com-
monly prescribed medications such as antacids, antihypertensives, ß-blockers, cal-
cium channel blockers, antidiabetics, nonsteroidal anti-infl ammatory drugs, 
estrogens, salicylate analgesics, antianginals, and antihistamines [ 17 ]. Retrospective 
analysis of clinical trials revealed no increase in adverse effects compared with 
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placebo (16 % versus 14 %) in patients who were taking ß-blockers, antianginal 
agents, antacids, antihypertensive agents, antiemetics, calcium channel blockers, 
estrogens, antihistamines, benzodiazepines, and nonsteroidal anti-infl ammatory 
agents [ 18 ]. Finally, a pharmacodynamic analysis of rivastigmine did not reveal any 
signifi cant increases in adverse events that would indicate a drug interaction 
when administered concomitantly with medications from 22 different therapeutic 
classes [ 19 ].  

22.1.1.4     Memantine 

 Memantine is predominantly eliminated unchanged in the urine, and therefore clini-
cally signifi cant, phase I interactions with the CYP system affecting memantine are 
not expected [ 20 ]. 

 Memantine has been shown to signifi cantly inhibit the activity of CYP2B6 at 
physiologic relevant concentrations in vitro [ 21 ]. Although no clinically signifi cant 
interactions have been reported between memantine and drugs metabolized by 
CYP2B6, this enzyme plays an important role in the metabolism of cyclophospha-
mide, tamoxifen, S-mephenytoin, and diazepam and therefore has the potential to 
increase the concentrations of these drugs if used concomitantly. Other interactions 
are unlikely since memantine only minimally inhibits CYP1A2, CYP2A6, CYP2C9, 
CYP2D6, CYP2E1, or CYP3A4 and does not induce the activity of CYP1A2, 
CYP2C9, CYP2E1, or CYP3A4/5 [ 21 ]. 

 A clinical study investigating the additive antidepressant effects of memantine to 
citalopram, a weak inhibitor of CYP1A2, CYP2D6, and CYP2C19, did not reveal 
any signifi cant difference in adverse events between the addition of memantine and 
placebo [ 22 ]. A clinical pharmacokinetic/pharmacodynamic study of the concomi-
tant use of memantine and the combination product dextromethorphan/quinidine 
demonstrated that quinidine, a CYP2D6 inhibitor, did not affect the plasma concen-
trations of memantine [ 23 ].   

22.1.2      Phase II Mechanistic Interactions (Glucuronidation) 

 Of the four currently prescribed antidementia agents, both galantamine and meman-
tine undergo glucuronidation. In addition to glucuronidation, galantamine also 
undergoes metabolism by the CYP3A4 and CYP2D6 subsystems and is excreted 
unchanged. Memantine is largely excreted unchanged in the urine, but a smaller 
portion is converted via glucuronidation. Since glucuronidation of galantamine and 
memantine is not considered a predominant route of elimination, clinically signifi -
cant interactions are unlikely.  
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22.1.3      P-Glycoprotein-Based Interactions 

 Galantamine is a substrate of the P-glycoprotein [ 24 ]. Although no studies have 
been completed to defi ne the effect of P-glycoprotein inhibitors or inducers on the 
pharmacokinetics of galantamine, clinicians should be aware of the potential for 
altered pharmacokinetics of galantamine when used concomitantly with drugs that 
inhibit or induce P-glycoprotein (Table  22.1 ). An in vitro study showed that done-
pezil was not a substrate of P-glycoprotein [ 25 ].  

22.1.4      Protein Binding Interactions 

 Protein binding with galantamine (18 %), rivastigmine (40 %), or memantine (45 %) 
is relatively low; therefore, interactions with drugs that are highly protein bound are 
unlikely [ 16 – 18 ,  20 ]. Indeed, clinical interaction studies have demonstrated that 
neither the protein binding of warfarin nor the pharmacodynamics of warfarin as 
assessed by prothrombin INR was affected by daily administration of galantamine 
24 mg [ 26 ] or rivastigmine [ 18 ,  27 ]. 

 Donepezil is the only ChEI that has an appreciable amount of protein binding. 
Although donepezil is highly protein bound (96 %), the portion bound to albumin is 
only 75 %, while 21 % is bound to α 1 -acid glycoprotein; therefore, protein displace-
ment interactions with donepezil are unlikely [ 28 ]. Clinical interaction studies con-
fi rm that concurrent administration of donepezil 10 mg/day did not alter the 
pharmacokinetics or pharmacodynamics of a single dose of warfarin 25 mg in 
healthy male volunteers [ 29 ]. Donepezil also did not have any signifi cant effects on 
the pharmacokinetics of theophylline (titrated to therapeutic range) or digoxin 
0.375 mg once daily which are also highly protein bound [ 30 ,  31 ]. Similarly, the 
binding of donepezil to human albumin was not affected by furosemide, digoxin, 
and warfarin [ 6 ].  

22.1.5      Smoking, Food, and Other Types of Interactions 

 Memantine is eliminated renally and the clearance is dependent upon urinary 
pH. Alkaline urine with pH 8 reduces memantine clearance by 80 % which may 
lead to accumulation of the drug and an increase in adverse events [ 20 ]. Drugs that 
have an alkalizing effect on the urinary pH such as carbonic anhydrous inhibitors 
and sodium bicarbonate may cause increased adverse effects due to memantine 
accumulation (Table  22.1 ). Concomitant use of drugs that are eliminated by the 
same renal cationic system as memantine (Table  22.1 ) has the potential to interfere 

22 Clinically Signifi cant Interactions with Antidementia Drugs



558

with the clearance of memantine; however, no interaction was noted when meman-
tine was used concomitantly with the combination products hydrochlorothiazide/
triamterene or glyburide/metformin HCl [ 20 ].   

22.2      Pharmacodynamic Drug Interactions 

 The following section will review the potential pharmacodynamic drug interactions 
that may occur with either the ChEIs or memantine. Since each of the ChEIs has a 
very high specifi city to the cholinesterase enzyme and relatively little infl uence over 
other enzymes or receptor systems, the potential pharmacodynamic interactions 
may be considered inclusive of the class. Memantine is considered separately and 
has distinct potential pharmacodynamic interactions. 

22.2.1     ChEIs 

 Based on the mechanism of action of the ChEIs, interactions with drugs that have 
an effect on the cholinergic system may be expected. Anticholinergic drugs are of 
particular interest due to the many drug classes that possess these properties 
(Table  22.1 ). Anticholinergic drugs may already have a negative effect on elderly 
patients producing clinically signifi cant mental status changes ranging from mild 
cognitive impairment to delirium. Patients with AD and other dementias are espe-
cially sensitive to these effects. Therefore, drugs with anticholinergic activity should 
be avoided in patients taking ChEIs. For patients already receiving an anticholiner-
gic agent, ChEIs may also interfere with the activity of anticholinergic medications, 
although due to the potential negative consequences of anticholinergic agents, 
regardless of whether the patient is receiving a ChEI, substitution or discontinuation 
of the anticholinergic is recommended. 

 Increased cholinergic effects may be expected when ChEIs are administered 
with other cholinomimetic drugs (Table  22.2 ). A synergistic effect may be expected 
when cholinesterase inhibitors are given concurrently with succinylcholine, similar 
neuromuscular blocking agents, or cholinergic agonists such as bethanechol.

   Seizure activity can be induced or exacerbated by cholinomimetic drugs [ 32 ], 
and there have been occasional but not systematic reports of seizure activity due to 
donepezil [ 33 ], rivastigmine [ 34 ], and memantine [ 35 ]. Concomitant use of ChEIs 
or memantine with other drugs that are known to lower the seizure threshold may 
result in seizure activity (Table  22.2 ). It should be noted that seizure activity may 
also be a manifestation of AD [ 36 ], and these conclusions are based on uncon-
trolled, retrospective case reports in patients who may have other risk factors for 
seizures as well. 

 ChEIs can cause bradycardia and heart block due to vagotonic effects on the 
sinoatrial and atrioventricular nodes, and additive effects may occur with other 
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agents that also possess bradycardic effects (Table  22.2 ). A retrospective analysis of 
spontaneous adverse drug reaction reports to the French Pharmacovigilance 
Database associated with use of donepezil, galantamine, and rivastigmine revealed 
205 cases of potential drug interactions with bradycardic drugs of which 73 were 
associated with serious ADRs including fi ve deaths due to syncope, bradycardia, 
arrhythmia, or cardiac arrest [ 37 ]. Confi rmation of a defi nitive drug interaction in 
these cases was not possible since details on the individual cases such as patient 
characteristics or concomitant risk factors were not provided. In contrast, a phase III 
trial of donepezil consisting of 1,035 patients reported no signifi cant increase in risk 
ratios for bradycardia during concomitant use of beta-blockers, nondihydropyridine 
calcium channel blockers, or digoxin [ 38 ].  

22.2.2     Memantine 

 Dextromethorphan, the active agent of the combination product dextrometho-
rphan/quinidine, is a low-affi nity, uncompetitive N-methyl-D-aspartate (NMDA) 
receptor antagonist approved for the treatment of pseudobulbar affect (PBA), a 
condition affecting as much as 39 % of AD patients. In addition dextrometho-
rphan is a common active ingredient in many formulations of cough suppressants. 
Since both memantine and dextromethorphan are NMDA receptor antagonists, 
concomitant use could theoretically lead to an additive effect and increased rates 
or severity of adverse events [ 23 ]. In addition to the pharmacokinetic interaction 

        Table 22.2    Potential pharmacodynamic interactions with ChEIs and memantine   

 Mechanism  Example drugs/drug classes  Interaction 

 Anticholinergic  Sedating antihistamines, antispasmodics, 
neuroleptics, phenothiazines, skeletal muscle 
relaxants, tricyclic antidepressants, class IA 
antiarrhythmics, carbamazepine, cimetidine, 
ranitidine 

 ↓ Response to 
ChEIs 

 Cholinergic  Succinylcholine or other similar neuromuscular 
blocking agents, cholinergic agonists (e.g., 
bethanechol, carbachol) 

 ↑ Adverse effects 
of ChEIs 

 Ionotropic  Beta-blockers, calcium channel blockers, digoxin, 
protease inhibitors (i.e., atazanavir, lopinavir- 
ritonavir, saquinavir), amiodarone, dronedarone, 
moricizine, lacosamide, and mefl oquine 

 ↑ Bradycardia 
effect of ChEIs 

 Epilogenic  Selective serotonin reuptake inhibitors, monoamine 
oxidase inhibitors, neuroleptic agents, central 
nervous system stimulants, opioids, tricyclic 
antidepressants, other tricyclic compounds (e.g., 
cyclobenzaprine, phenothiazines), carbapenems, 
cholinergic agents, fl uoroquinolones, interferons, 
chloroquine, mefl oquine, lindane, theophylline, 
iodinated contrast media 

 ↓ Seizure 
threshold 
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(see Sect.  22.1.1 ), the pharmacodynamic interaction between memantine and the 
combination product dextromethorphan/quinidine was investigated. Concomitant 
use of memantine and dextromethorphan did not affect the incidence of adverse 
events or measured pharmacodynamic variables when compared to the use of 
either product alone [ 23 ].   

22.3     Clinical Signifi cance of PK and PD Interactions 

 The major consequence of pharmacokinetic drug interactions with the ChEIs (spe-
cifi cally donepezil or galantamine) is the potential for cholinergic toxicity resulting 
from concomitant use of a drug that inhibits the CYP2D6 or CYP3A4 (see 
Sect.  22.1.1 ) or agents that produce a synergistic effect. The signs and symptoms of 
these types of interactions are likely to be increases or reappearance of the known 
adverse events of the ChEIs (Table  22.3 ). The clinical signifi cance of the interac-
tions seems to be rather small since the symptoms are non-life threatening, easily 
identifi ed, and readily controlled with either a decrease in dosage or elimination of 
the interacting agent. Since rivastigmine does not undergo CYP metabolism, phar-
macokinetic interactions are not thought to occur.

   Agents that possess anticholinergic activity may negate the pharmacologic 
effects of ChEIs and diminish the already small clinical benefi ts of ChEIs in the 
treatment of dementia. Regardless of whether the patient is receiving a ChEI, clini-
cally signifi cant mental status changes may be associated with anticholinergic 
agents and should generally be avoided in patients with AD or other cognitive 
impairment. 

 The clinical effectiveness of ChEIs and memantine in delaying or improving 
cognition is likely very small and diffi cult to measure; therefore, the clinical signifi -
cance of decreases in the concentration of the ChEIs or memantine due to inducers 
of CYP system is likely negligible. It may be possible to retitrate the dosage of these 
medications to tolerability if a CYP2D6 or CYP3A4 enzyme inducer is required for 
long-term concomitant therapy. 

    Table 22.3    Signs and symptoms of toxicities resulting from drug interactions with ChEIs or 
memantine   

 Mechanism  Result  Sign/symptoms 

 ↑ ChEI concentrations 
 Synergistic PD effect 
with ChEIs 

 Cholinergic excess  GI upset/cramping, nausea, vomiting, 
sweating, weakness, salivation, lacrimation, 
dizziness, syncope, or slowed respirations 

 Concomitant use of 
anticholinergic agent 

 ↓ Clinical effect of 
ChEIs 

 ↑ Confusion, ↑ memory loss, ↑ agitation 

 ↑ Urinary pH 
 ↓ Renal tubular 
secretion 

 ↑ Memantine 
concentrations 

 Dizziness, headache, confusion, 
constipation 
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22.3.1     Dosage Adjustments 

 When adding a ChEI or memantine to an existing treatment which may have either 
a pharmacokinetic (Table  22.1 ) or pharmacodynamic interaction (Table  22.2 ), dos-
age adjustment is not necessary as the dose of each of these drugs is individually 
titrated to tolerability up to the maximum recommended dose. However, there may 
be a need to decrease or retitrate the dosage of donepezil or galantamine when a 
potent CYP2D6 or CYP3A4 inhibitor (Table  22.1 ) is added to therapy if intolerable 
adverse events emerge.  

22.3.2     Monitoring Recommendations and Patient Safety 

 Clinicians and patients should be aware of the potential for increased adverse cho-
linergic effects (Table  22.3 ) when a potent inhibitor of CYP2D6 or CYP3A4 is 
added to either donepezil or galantamine therapy or a medication with additive cho-
linergic effects is used concomitantly. 

 Cholinergic agents, including ChEIs, may be individually epileptogenic, and 
there may be a theoretical risk of increased seizure potential when used with any 
substance that can reduce the seizure threshold (Table  22.2 ). 

 Caution is advised if acetylcholinesterase inhibitors are used concomitantly with 
bradycardic drugs (Table  22.2 ). Patients should be advised to notify their physician 
if they experience dizziness, light-headedness, fainting, or irregular heartbeat.   

22.4     Conclusions 

 Although they are typically used in an elderly population that may be at higher risk 
of drug interactions, both the ChEIs and memantine are relatively well tolerated. 
Consequences of drug interactions with the ChEIs are relatively minor and gener-
ally well explained either by the pharmacokinetic interaction with the CYP system 
or pharmacodynamically through synergistic cholinergic effects. Typical symptoms 
of both the pharmacokinetic and pharmacodynamic interactions consist of increased 
gastrointestinal complaints such as nausea and vomiting due to the increase in cho-
linergic activity. These symptoms can be easily managed with a slower titration or 
decrease in dosage. Additional care is merited when ChEIs are used concomitantly 
with ionotropic agents as there is an increased potential for bradycardia. Increases 
in memantine concentration may occur when agents that alter the urinary pH are 
used concomitantly, but resulting adverse events are relatively minor and can be 
easily managed with a dose reduction or discontinuation of the interacting agent. It 
is unlikely that the ChEIs or memantine will cause interactions with other medica-
tions when added to therapy since they have little inhibitory or induction potential 
of the CYP system and low protein binding potential.     
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    Chapter 23   
 Clinically Signifi cant Interactions 
with Anti-addiction Agents                     

       Janet     K.     Coller      ,     Daniel     T.     Barratt     , and     Andrew     A.     Somogyi    

    Abstract     Anti-addiction agents are important psychopharmacological agents used 
to treat addiction to opioids (illicit and licit), alcohol and nicotine. The goal of treat-
ment is to eliminate further use of the addicted drug by either preventing addicted 
drug reward or managing withdrawal symptoms experienced when the addicted 
drug is no longer used. Treatment success relies on adequate plasma and brain con-
centrations to produce the required pharmacodynamic response without toxic 
adverse effects. In this chapter, we describe clinically signifi cant drug-drug interac-
tions caused by changes in pharmacokinetics (induction or inhibition of metabo-
lism) and pharmacodynamics (inhibited, additive or synergistic activity at the drug 
target) of the anti-addiction agents that alter treatment success, cause harmful effects 
and/or have led to recommendations from regulatory bodies regarding dosage 
adjustments or additional monitoring for patient safety. Clinicians need to be aware 
of the potential for these drug-drug interactions and prescribe and monitor patients 
for safety and effi cacy as needed.  

  Keywords     Opioid   •   Alcohol   •   Nicotine   •   Pharmacodynamic   •   Pharmacokinetic  

23.1       Pharmacokinetic Drug Interactions 

 The pharmacokinetics (PK) of anti-addiction agents, like all medicines, can infl u-
ence patient response, treatment success and adverse effects. There is a wide body 
of literature that discusses changes in pharmacokinetics due to drug-drug interac-
tions involving phase I and II metabolism, effl ux transport by P-glycoprotein and as 
a result of other patient environmental characteristics including smoking of tobacco 
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and cannabis (refer to Tables  23.1  and  23.3 ). This section will summarise the cur-
rent knowledge on how the PK of anti-addiction agents are altered and how anti-
addiction agents themselves alter the PK of concomitant medications. 

23.1.1     Anti-opioid Addiction Agents 

23.1.1.1     Methadone 

 Methadone (Dolophine®, Methadose®, Biodone Forte®, Physeptone®) is highly 
bound (90 %) by alpha-acid glycoprotein [ 1 ] and extensively metabolised by phase 
I reactions mediated predominantly by CYP3A4 and CYP2B6. It also has signifi -
cant inhibitory activity of phase I and II metabolism via CYP2D6 and UGT2B7, 
respectively, and is a substrate and inhibitor of P-glycoprotein (P-gp). Methadone’s 
inhibition of CYP2D6 and UGT2B7 alters the PK of co-medications that are sub-
strates for these enzymes; for example, the metabolism of codeine via CYP2D6 and 
UGT2B7 is signifi cantly reduced with co-administration of methadone [ 2 ]. Similarly, 
co-administration of many other drugs (including herbal medicines such as St. 
John’s wort) that induce or inhibit metabolism by these enzymes can decrease or 
increase, respectively, plasma methadone concentrations [ 3 – 5 ]. These interactions 
can result in signifi cant clinical effects of CNS and cardiac toxicities if methadone 
concentrations are too high and opioid withdrawal and treatment failure if concen-
trations are too low. Consequently the FDA has comprehensive recommendations 
regarding co-administration of these medications with methadone (summarised in 
Table  23.3 ).  

23.1.1.2     Buprenorphine 

 Buprenorphine (Buprenex®, Suboxone®, Subutex®) is highly (95 %) plasma protein 
bound [ 6 ] and undergoes phase I and II metabolism by CYP3A4 and 2C8, and 
UGT1A1, 1A3 and 2B7, respectively. Whilst it is not a substrate for P-gp, its main 

   Table 23.1    Summary of important drug interactions that alter PK of anti-opioid, anti-alcohol and 
anti-nicotine addiction agents   

 Anti-addiction agent 
 Impact of PK interaction on 
anti-addiction agent  PK consequence 

 Methadone and 
buprenorphine 

 Induction of metabolism  Reduced plasma 
concentrations 

 Inhibition of metabolism  Increased plasma 
concentrations 

 Acamprosate  Increased rate and extent of 
absorption 

 Increased plasma 
concentrations 

 Bupropion  Induction of metabolism  Reduced plasma 
concentrations 

 Inhibition of metabolism  Increased plasma 
concentrations 
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metabolite, norbuprenorphine, is a substrate. Buprenorphine is a weak inhibitor of 
CYP2D6 and CYP3A4, but this is not likely to be clinically signifi cant due to the 
relative low inhibitory potential [ 4 ]. However, co-administration of several drugs 
has revealed potential PK interactions that increase or decrease buprenorphine con-
centrations, in particular inhibitors and inducers of CYP3A4 [ 3 – 5 ]. For example, 
ketoconazole, erythromycin and HIV-protease inhibitors (ritonavir, atazanavir) can 
inhibit the CYP3A4 metabolism to increase concentrations, whilst rifampin and St. 
John’s wort can induce the CYP3A4 metabolism to reduce concentrations. Similarly, 
buprenorphine can decrease concentrations of atazanavir, but only when given 
alone, and not when in combination with ritonavir.   

23.1.2     Anti-alcohol Addiction Agents 

23.1.2.1     Acamprosate 

 Acamprosate (Campral®) does not undergo phase I or II metabolism, is not an 
inducer or inhibitor of CYP450 enzymes and is not plasma protein bound (for 
review see [ 7 ]). As acamprosate is used for alcohol addiction, potential acampro-
sate PK changes when combined with alcohol, disulfi ram and diazepam (drugs 
commonly co-administered) have been investigated, with no signifi cant interac-
tions observed. However, co-administration of acamprosate with naltrexone sig-
nifi cantly increased acamprosate AUC and  C  max  by 25 and 33 %, respectively [ 8 ]. 
The mechanism by which this occurs is likely due to the interaction altering acam-
prosate absorption parameters from the gastrointestinal tract, although this is yet 
to be confi rmed. With regard to its impact on PK of co-medications, acamprosate 
did not alter the PK of alcohol, diazepam and its metabolite nordiazepam, imipra-
mine and its metabolite desipramine, or naltrexone and its metabolite 6-beta nal-
trexol [ 7 ].  

23.1.2.2     Disulfi ram 

 Disulfi ram (Antabuse, Antabus) is rapidly reduced to its metabolite diethyldithio-
carbamate (DDC) which is further metabolised via glucuronidation, methylation, 
oxidation and non-enzymatic degradation [ 9 ]. It is highly (96 %) bound to albumin 
[ 10 ]. It inhibits CYP2E1 and CYP2C9 enzyme activity, therefore altering the PK of 
drugs that are metabolised by these enzymes (e.g. phenytoin, warfarin) [ 11 ,  12 ].  

23.1.2.3     Naltrexone 

 Naltrexone (Revia®, Vivitrol®) undergoes reduction to form 6-beta naltrexol medi-
ated by dihydrodiol dehydrogenase [ 4 ,  13 ], and both the parent and metabolite are 
glucuronidated. Its very low plasma protein binding, at <20 % [ 14 ], will not cause 
PK interactions clinically. In comparison to other anti-alcohol addiction agents, 
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there are relatively few reports regarding naltrexone altering PK drug interactions, 
being limited to the following: naltrexone increased diazepam  C  max  [ 15 ]; and nal-
trexone increased the rate and extent of acamprosate absorption (as discussed 
above) [ 8 ].   

23.1.3     Anti-nicotine Addiction Agents 

23.1.3.1     Bupropion 

 Bupropion (Zyban®) undergoes phase I reduction to hydroxybupropion mediated by 
CYP2B6. It is not a substrate for P-gp, but is highly plasma protein bound (75–
85 %) [ 16 ,  17 ]. A number of drugs have been reported to alter the PK of bupropion 
and genetic polymorphism of the  CYP2B6  enzyme can also alter its metabolism. 
For example, drugs that inhibit or induce CYP2B6 enzyme function increase or 
decrease, respectively, bupropion concentrations. Similarly, bupropion and its 
metabolites are inhibitors of CYP2D6 that results in signifi cant potential to alter PK 
of co-medications that are substrates of CYP2D6 (including a number of drugs from 
the following drug classes: antidepressants, antipsychotics, beta-blockers, antiar-
rhythmics, immunosuppressants).  

23.1.3.2     Nicotine Replacement Therapy 

 Nicotine in nicotine replacement therapy (NRT, Nicorette®, Nicabate®, Nicotinell®, 
QuitX®) undergoes phase I and II metabolism by CYP2A6, CYP2B6 and FMO, and 
UGT1A4, 1A9 and 2B10, respectively. It is not protein bound (<20 %) [ 18 ] and is 
not a substrate/inhibitor of P-gp. Studies have shown that nicotine can induce brain 
expression of CYP2D [ 19 ] that can result in enhanced central metabolism of sub-
strates for this enzyme (e.g. tramadol a human CYP2D6 substrate that is metabo-
lised by CYP2D in an animal model) [ 20 ]. However, the implications of this 
induction in humans are yet to be investigated.  

23.1.3.3     Varenicline 

 Varenicline (Chantix®, Champix®) is not extensively metabolised by phase I and II 
reactions, with only minor glucuronidation (<10 %) to varenicline 
 N -carbamoylglucorinide by UGT2B7 [ 21 ]. There are no reports of exposure caus-
ing enzyme induction or inhibition; it is not a substrate or inhibitor of P-gp and is 
poorly bound to plasma proteins (<20 %) thus unlikely to result in clinically signifi -
cant interactions (for review see [ 22 ]). A few studies have investigated potential 
impact of varenicline on co-medication PK with no signifi cant interaction reported 
for warfarin [ 23 ], digoxin [ 24 ], cimetidine, metformin, bupropion and nicotine 
(transdermal patch).

J.K. Coller et al.
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23.2          Pharmacodynamic Drug Interactions 

 Patient variability in pharmacodynamics (PD) of anti-addiction agents can have a 
substantial impact on response, toxicity and treatment success (refer to Tables  23.2  
and  23.3 ). There are three main consequences of drug interactions at a PD level: 
inhibited, additive or synergistic responses. This section will summarise the current 
knowledge on how the PD of anti-addiction agents are altered and how anti- 
addiction agents themselves alter the PD of concomitant medications. 

23.2.1     Anti-opioid Addiction Agents 

23.2.1.1     Methadone 

 Methadone is an agonist at mu opioid and antagonist at NMDA receptors. 
Co-administration of mu opioid receptor partial agonists and antagonists (e.g. 
buprenorphine and naltrexone, respectively) will cause loss of methadone PD and 
clinical response. At high doses (and plasma concentrations), methadone (princi-
pally the mu receptor inactive S enantiomer) causes prolongation of the QT c  interval 
that can result in a PD additive effect when combined with other drugs that prolong 
this interval (e.g. SSRIs, psychotropics and drugs that alter electrolyte balance) [ 4 ]. 

   Table 23.2    Summary of important drug interactions that alter PD of anti-opioid, anti-alcohol and 
anti-nicotine addiction agents   

 Anti-addiction 
agent 

 Impact of PD interaction on 
anti-addiction agent  PD consequence 

 Methadone  Additive PD response with 
benzodiazepines and alcohol 

 Overdose symptoms (sedation, coma) 

 Additive PD response with 
SSRIs, psychotropics and drugs 
that alter electrolyte balance 

 QTc interval prolongation ( Torsades 
des pointes ) 

 Buprenorphine  Additive PD response with 
benzodiazepines 

 Overdose symptoms (sedation, coma) 

 Disulfi ram  Additive PD response with 
metronidazole or other 
alcohol-containing drug 
formulations 

 Increased toxicity due to accumulation 
of acetaldehyde 

 Naltrexone  Blocks PD response of opioids; 
additive PD response with THC 

 Prevent analgesia/precipitate 
withdrawal with opioids; increase THC 
PD-positive effects 

 Bupropion  Additive PD effect with seizure 
threshold lowering drugs, 
dopaminergic drugs, MAOIs 

 Increased toxicity of drugs, including 
lowering of seizure threshold, 
hypertensive events 

 NRT  Additive PD effect with alcohol, 
cannabis, antipsychotics 

 Decreased locomotor performance, 
increased anxiolytic effect 

 Varenicline  Additive PD effect with NRT  Increased adverse effects 
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Further, at high doses it results in sedation and respiratory depressant PD effects 
such that administration with alcohol and benzodiazepines can result in a PD addi-
tive effect that in some cases precipitates overdose symptoms. Methadone is also a 
competitive antagonist of human α4β2 and α3 nicotinic acetylcholine receptors 
(nAChRs) and an agonist at α7 nAChRs [ 25 ] and consequently has the ability to 
alter nicotine response in cigarette smokers (majority of patients being treated with 
methadone are smokers) and patients using NRT. Anecdotally, the majority of 
patients being treated with methadone are smokers [ 26 ], and the PD interaction may 
explain why methadone patients crave nicotine more and experience enhanced nico-
tine withdrawal symptoms [ 27 ]. Currently, there are no recommendations regarding 
changes in methadone dosages due to the methadone-nicotine interaction or transfer 
to buprenorphine therapy. 

 Aside from drug interactions, genetic polymorphisms of  CYP2B6 ,  ABCB1  and 
 OPRM1  that encode for CYP2B6, P-gp and the mu opioid receptor, respectively, 
have been reported to result in altered dose requirements to prevent opioid with-
drawal [ 28 – 30 ].  

23.2.1.2    Buprenorphine 

 Buprenorphine is a partial agonist at the mu and kappa opioid receptors, whilst 
norbuprenorphine is also an agonist at the mu opioid receptors (for review see [ 5 ]). 
As it is a partial agonist, with a high affi nity, it has the ability to block the PD 
actions of co-administered opioids and precipitate withdrawal in opioid addicted 
patients receiving methadone [ 3 ]. In addition, it can cause CNS depressant additive 
PD effects, including coma and overdose, when administered with 
benzodiazepines.   

23.2.2     Anti-alcohol Addiction Agents 

23.2.2.1    Acamprosate 

 Acamprosate (Campral®) enhances the uptake of the inhibitory neurotransmitter 
GABA and also displays some activity at NMDA receptors [ 7 ]. It does not alter the 
CNS effects of alcohol nor precipitate withdrawal symptoms of addicted patients.  

23.2.2.2    Disulfi ram 

 Disulfi ram non-competitively inhibits aldehyde dehydrogenase [ 12 ] to prevent 
enzymatic breakdown of the acetaldehyde metabolite following alcohol consump-
tion, resulting in toxicity from accumulation of acetaldehyde (symptoms including 
facial fl ushing, sweating, nausea, vomiting and seizures in some cases). It is this 
inhibition that prevents co-administration of metronidazole or other 
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alcohol- containing drug formulations (e.g. cough syrups) with disulfi ram due to 
additive PD effects.  

23.2.2.3    Naltrexone 

 Naltrexone is a mu opioid receptor antagonist to reduce the craving and pleasurable 
PD effects of alcohol in addiction (potentially via blocking endogenous opioid 
binding). Due to its antagonist action, co-administration with any opioid will result 
in loss of opioid PD response and, in the case of opioids used to treat addiction, will 
precipitate withdrawal. In addition, a toxic PD response of lethargy has been 
reported when naltrexone was co-administered with thioridazine, although the 
exact mechanism underlying this interaction is unknown [ 31 ], and it has also been 
reported to have a PD additive effect on tetrahydrocannabinol (THC)-positive 
effects (increased subjective responses of “good drug effect”, “high” and “stimu-
lated”) [ 32 ]. Aside from drug interactions, PD response and treatment success with 
naltrexone have been linked with genetic variability in  OPRM1 , the gene encoding 
for the mu opioid receptor. However, results have been contradictory [ 33 – 36 ], and 
hence, the impact of genetic variability requires further investigation in prospective 
trials.   

23.2.3     Anti-nicotine Addiction Agents 

23.2.3.1    Bupropion 

 Bupropion acts to inhibit the neuronal uptake of dopamine, noradrenaline and sero-
tonin. Interaction with neurotransmission has the ability to lower seizure threshold 
(co-administration with other drugs that have similar PD response causes an addi-
tive PD effect) and cause dopamine additive adverse effects (co-administration with 
other dopaminergic drugs) and other adverse effects (alcohol, rare adverse effects 
and a reduction in alcohol tolerance; St. John’s wort, rare adverse effect of orofacial 
dystonia) [ 37 ]. Finally, co-administration of monoamine oxidase inhibitors (MAOIs) 
and bupropion is contraindicated due to the occurrence of hypertensive adverse 
effects.  

23.2.3.2    Nicotine Replacement Therapy 

 Nicotine is an agonist of nicotinic acetylcholine receptors (nAChRs). Nicotine and 
alcohol have a combined PD effect to exacerbate reward pathways but have oppos-
ing actions on other PD effects such as locomotor performance [ 38 ], whilst nicotine 
and cannabis also have an additive anxiolytic PD effect. Other PD interactions have 
been reported with antipsychotics (e.g. clozapine) [ 39 ]. 
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 Aside from drug interactions, genetic polymorphisms in  CYP2A6  and  CHRNA5  
(encodes for the α5 subunit of the nicotinic receptor) have been linked to successful 
outcome of NRT [ 40 – 42 ].  

23.2.3.3    Varenicline 

 Varenicline is a partial agonist of central nicotinic acetylcholine receptors (α 4 β 2  
nAChR). Given its mode of action, it is not surprising that when administered with 
nicotine replacement therapy (transdermal patch), an increase in adverse effects was 
reported. However, there was no increase in cardiovascular parameters. These out-
comes are reported in varenicline’s label [ 43 ].

23.3          Clinical Signifi cance of Pharmacokinetic 
and Pharmacodynamic Interactions 

 Not all PK and PD drug interactions are deemed to be of clinical signifi cance. That 
is, not all interactions will result in recommendations for dosage adjustments or 
additional monitoring for patient safety from regulatory bodies such as the Food and 
Drug Administration USA (FDA). This section will highlight dosing precautions 
recommended by the FDA as a result of post-marketing surveillance of anti- 
addiction agents. In addition, dosage reduction recommendations are particularly 
important for drugs with a narrow therapeutic index to limit toxicity. 

 For methadone, buprenorphine, disulfi ram, naltrexone and bupropion, there are 
signifi cant PK/PD interactions that impact not only on these agents but also on 
co- medications. Therefore, the FDA have recommended dosage reductions, use of 
alternative drugs and increased patient monitoring that are summarised on the 
drug labels (from FDA or Pharmaceutical Company) and are presented in 
Table  23.3 . 

23.3.1     Acamprosate 

 Despite the reported increase in  C  max  and AUC of acamprosate when co- administered 
with naltrexone, no dosing adjustments have been recommended by the FDA [ 44 ].  

23.3.2     Nicotine Replacement Therapy 

 Although there is the potential for PK and PD interactions with nicotine, no dosage 
adjustments are recommended as a result of co-administration.  
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23.3.3     Varenicline 

 Varenicline does not have signifi cant PK or PD interactions with the exception of 
increased adverse effects when co-administered with nicotine replacement therapy. 
No dosage adjustments are recommended in this case [ 43 ].

23.4         Conclusions 

 For a number of the anti-addiction agents discussed in this chapter, i.e. methadone, 
buprenorphine, disulfi ram, naltrexone and bupropion, there are clinically signifi cant 
drug-drug interactions that occur due to altered PK or PD. With regard to PK, the 
mechanisms are largely a result of inhibition or induction of metabolism; whilst for 
PD, the mechanisms are a result of inhibited, additive or synergistic activity at the 
drug target. The clinical consequences of these interactions are suffi cient in many 
cases for the FDA to have made recommendations regarding contraindications, dos-
age adjustments and additional monitoring to ensure patient safety. Clinicians need 
to be aware of the potential for these drug-drug interactions and prescribe and moni-
tor patients for safety as needed.     
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    Chapter 24   
 Clinically Signifi cant Interactions with 
Anesthetic Agents                     

       Michael     W.     Jann     

    Abstract     Induction and maintenance of anesthesia require multiple medications 
where drug-drug interactions form the basis of clinical practice. Drug-drug interac-
tions with anesthetic agents can take place by pharmacokinetic mechanisms leading 
to enhanced or reduced pharmacodynamic effects or by only pharmacodynamic 
mechanism that promotes anesthetic outcomes such as pain and sedative actions. 
Ketamine, midazolam, and alfentanil are metabolized by the CYP3A4 enzyme sys-
tem and various drug-drug interactions with agents that are well-known CYP3A4 
inhibitors have been reported to alter their pharmacokinetic disposition. Antibiotics 
erythromycin and clarithromycin were found to signifi cantly reduce ketamine and 
midazolam disposition. Grapefruit juice was reported to signifi cantly increase ket-
amine and midazolam bioavailability. Antifungal drugs such as ketoconazole and 
fl uconazole were shown to signifi cantly reduce alfentanil clearance and prolong its 
pharmacodynamic actions. Drug interactions with opioid anesthetics fentanyl and 
sufentanil may be less prone to due to their high extraction ratio. The opioid- 
propofol interactions have been described in various articles. Propofol interactions 
were also presented with midazolam and interestingly counteracted the effects of 
droperidol-induced prolonged QTc effects. Thiopental protein-binding displace-
ment was shown to occur with a variety of agents, thereby increasing free drug 
concentrations. An enhanced pharmacodynamic effect with thiopental was found 
when combined with midazolam and other central nervous system depressants.  
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24.1       Introduction 

 Drug-drug interactions form the basis of anesthetic clinical practice. The current 
anesthetic agents typically require a minimum of two different classes of drugs to 
achieve adequate anesthesia [ 1 ]. Concomitant use of anesthetic agents that act 
pharmacodynamically in a synergistic manner creates the anesthetic state. General 
anesthesia can be defi ned as the prevention of autonomic signs (e.g., tearing, lac-
rimation) and purposeful movement (e.g., sedation) achieved with appropriate 
hemodynamic control during the surgical procedure [ 2 ]. Clear physical features 
include monitoring somatic muscle tone, respiratory patterns, and ocular signs. 
Various pharmacodynamic (PD) biomarkers like the minimum alveolar concen-
trations (MAC) and hemodynamic measures (e.g., blood pressure, heart rate) are 
easily quantifi ed and carefully monitored during anesthesia, in addition to the 
body’s physiological parameters that can be assessed. The central nervous system 
(CNS) activity via the EEG can be another biomarker approach to monitor 
patients. Quantifying drug- drug interactions using the pharmaco-EEG method has 
been accomplished with various CNS-acting agents [ 3 ]. Therefore, clinical 
research with anesthetics offers the investigator a variety of pharmacodynamic 
measures to determine accurate drug dosing and optimizing patient care during 
the surgery. 

 Utilization of the pharmacodynamic principles with the anesthetics in clinical 
practice predated the discovery of their pharmacokinetic (PK) drug interaction 
mechanisms. Mathematical models using PD biomarkers have been developed to 
evaluate anesthetic drug-drug interactions [ 4 ]. However, with the advent of the cyto-
chrome P450 (CYP) enzyme system, the understanding of drug-drug PK interac-
tions has increased and can be applied to the anesthetic drugs. Ultimately, use of the 
drug interactions with anesthetics is designed to enhance the anesthesia while mini-
mizing unwanted medication adverse effects. The mean PK and PD effects of the 
anesthetic agents are presented in Table  24.1 . A wide interpatient variability in the 
PK parameters was reported for the anesthetic agents that range between 70 and 
80 %, while even a considerably larger interpatient variability of 300–400 % in the 
PD parameters has been described [ 2 ,  5 ].

   This chapter will not cover the inhalation volatile agents unless a signifi cant drug 
interaction study was conducted with an agent presented in this chapter and focused 
only on the intravenous or oral anesthetics discussed in Chap.   15    . Few anesthetics 
are administered orally, and where appropriate, these agents will be included in this 
chapter as an oral agent that may be given with another anesthetic drug administered 
intravenously. It is beyond this chapter’s scope to cover every anesthetic drug-drug 
interaction reported. However, select key articles were identifi ed and will be pre-
sented to provide fundamental information on various anesthetic drug-drug interac-
tions. Unlike the other drug-drug interaction chapters, this chapter will combine the 
PK and the PD sections together as the anesthetic agents are clinically used in vari-
ous drug combinations to achieve optimal anesthesia.  
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24.2     Etomidate 

 Etomidate (ETD) is a very short-acting anesthetic agent (see Table  24.1 ) that is rap-
idly hydrolyzed in the plasma and its metabolic clearance almost equal to hepatic 
blood fl ow. ETD binds to human plasma protein albumin 76 % [ 6 ]. The two factors 
of rapid hydrolysis and protein binding <90 % indicate the likelihood of signifi cant 
pharmacokinetic drug-drug interactions to have a low or modest effect. Very few 
studies have examined potential drug-drug interactions with ETD. A small study 
with twelve patients undergoing spinal surgery was given premedications and an 
initial ETD infusion of 100 μg/kg/min for 10 min with the dose lowered to 10 μg/kg/
min [ 7 ]. After a neuromuscular blocker was given, patients were administered either 
67 % nitrous oxide (NO) in oxygen or enriched oxygen (O 2 ). Blood samples for ETD 
were obtained during infusion for PK analysis. The PD effects assessed were the 
time to open the eyes upon command ( t  1 ) and time of giving the correct date of birth 
( t  2 ). Both  t  1  and  t  2  times were signifi cantly longer (by almost fourfold) in the NO 
group compared to the O 2  group (e.g.,  t  1  NO 37.9 min versus O 2  9.0 min,  p  < 0.01). 
The PK analysis revealed that the mean (±SEM) area under the concentration time 
curve (AUC) was signifi cantly greater in the NO group (85.3 μg/mL/min ± 7.9 versus 
64.7 μg/mL/min ± 4.4,  p  < 0.05). Although mean ETD clearance was lower in the NO 
group compared to the O 2  group, it was found not to be signifi cant (20.9 mL/kg/
min ± 2.6 versus 27.3 mL/kg/min ± 4.2,  p  = n.s). Post-infusion blood samples were 
not obtained. As the ETD AUC for the NO group was greater than the O 2  group 
without a signifi cant difference in clearance, the suggestion was that NO may infl u-
ence ETD volume of distribution and or elimination half-life. Another small ETD 
study with patients ( N  = 19) examined the effects of alfentanil (Alf) on ETD infusion 

         Table 24.1    Summary of the pharmacokinetic parameters of selected anesthetic agents   

 Drug  Vd (L/kg) 
 CL 
(mL/kg/min) 

 Protein 
binding (%)  Metabolism   T  1/2β  (h) 

 Action 
duration 
(min) 

 Alfentanil a   0.3–1.0  3–7.6  92  CYP3A4 b   0.6–1.5  5–10 
 Etomidate  2.5–4.5  18–25  77  Hydrolysis c   2.9–5.3  3–5 
 Ketamine  3.1  12–17  12  CYP3A4 d   2–4  5–10 
 Midazolam  1.1–1.7  6.4–11  94  CYP3A4 e   1.7–2.6  15–20 
 Propofol  2–10  20–30  97  CYP2B6 f   4–23  3–5 
 Thiopental  2.5  3.4  83  N.R.  11  5–10 

  Adapted from Eilers and Niemann [ 2 ] 
  a Davis and Cook [ 121 ] 
  b Kharasch et al. [ 67 ] 
  c Geise and Staney [ 6 ] 
  d Santamaria et al. [ 16 ] 
  e Kronbach et al. [ 27 ] 
  f Turpeinen and Zanger [ 77 ] 
  Vd  volume of distribution at steady state,  CL  clearance,  T  1/2  elimination half-life,  N.R.  not reported  
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[ 8 ]. PD effects were not assessed. ETD blood samples were obtained in only fi ve 
subjects and the few data could not be analyzed due to large variability. The mean 
(±S.D) ETD elimination half-life was 29.4 min ± 6.2 with a range of 23.9–38.5 min. 
Since the ETD elimination half-life for these fi ve subjects was considerably shorter 
than the reported population norm (see Table  24.1 ), the suggestion was that Alf 
reduced ETD elimination half-life but a mechanism was not proposed due to the 
small number of subjects with further investigation that was suggested.  

24.3     Ketamine (KTM) 

 Ketamine (KTM) is an N-methyl-D-aspartate (NMDA) antagonist that blocks the 
glutamatergic receptor and is widely used in veterinary medicine for the past several 
decades. It has gained acceptance for oral, IM, and IV administration for sedation 
and anesthesia in humans [ 9 ]. KTM is often given with other anesthetic agents to 
induce and maintain sedation and analgesia. KTM IV was used in the 1970s with 
nondepolarizing agents (e.g., d-tubocurarine, pancuronium, and succinylcholine) to 
potentiate their neuromuscular blocking actions [ 10 ]. The PD effect was assessed 
by the force of thumb adduction in response to the stimulation of the ulnar nerve. As 
KTM blood concentrations remained the same for the three neuromuscular block-
ers, the ED 50  for only the d-tubocurarine was signifi cantly reduced from 4.9 to 2.8 
mf/m 2  ( p  < 0.01) while the ED 50  other agents were not altered. KTM is commonly 
given with a diazepam or lorazepam [ 11 ,  12 ]. KTM is also given with morphine 
(MOR) to induce anesthesia and analgesic effects in various surgical procedures 
[ 13 ]. Physostigmine was reported in animal models to antagonize the anesthetic 
actions of KTM but not the analgesia effects, which can suggest that this agent can 
be possibly used as pharmacologic antidote [ 14 ,  15 ].  

24.4     KTM and CYP3A4 and CYP2B6 Inducers 
and Inhibitors 

 KTM is metabolized by N-demethylation to nor-KTM via CYP3A4, CYP2A6, and 
CYP2B6 [ 16 ,  17 ]. KTM is a chiral agent which comprises of R and S isomers where 
the S isomer has greater analgesic potency than the R isomer [ 18 ]. Rifampicin was 
shown to signifi cantly reduced the AUC of IV and oral S-KTM in 11 healthy volun-
teers by 14 % ( p  < 0.005) and 86 % ( p  < 0.001), respectively [ 19 ]. Rifampicin also 
signifi cantly decreased the AUC ratio of nor-KTM/KTM by 66 % ( p  < 0.001). The 
 C  max  of oral KTM was signifi cantly reduced by 81 % ( p  < 0.001) but not IV KTM. The 
mechanism of the rifampicin-KTM was suggested to occur via CYP induction dur-
ing the fi rst-pass metabolic phase. St. John’s wort (SJW) is a CYP3A4 inducer and 
was reported to signifi cantly decrease the oral S-KTM AUC by 58 % ( p  < 0.001) in 
twelve healthy volunteers [ 20 ]. The mean S-KTM elimination half-life decreased 
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from 6.5 to 4.2 h ( p  = 0.001). The nor-KTM metabolite pharmacokinetic parameters 
also were signifi cantly affected with a decrease in mean AUC by 2.23-fold ( p  < 0.001) 
and mean elimination half-life from 7.0 to 5.2 h ( p  = 0.017). Signifi cant PD effects 
were not found measured by using a 100 mm visual analogue scale (VAS). 

 GFJ was shown to signifi cantly increase the mean AUC of oral S-KTM by 3.0- 
fold ( p  < 0.001) in twelve healthy volunteers [ 21 ]. Other S-KTM PK parameters 
signifi cantly increased were  C  max  by 2.1-fold ( p  < 0.001) and elimination half-life by 
24 % ( p  < 0.05). The nor-KTM/KTM AUC ratio was signifi cantly decreased by 
57 % ( p  < 0.001). The PD effects of self-relaxation and digit symbol-substitution 
test (DSST) were signifi cantly decreased ( p  < 0.05) but other behavioral or analgesic 
actions were not affected. Clarithromycin was shown to signifi cantly inhibit oral 
S-KTM in ten healthy volunteers [ 22 ]. The S-KTM mean  C  max  and AUC signifi -
cantly increased by 3.6-fold ( p  < 0.001) and 2.6-fold ( p  < 0.001), respectively. The 
nor-KTM/KTM AUC ratio was signifi cantly decreased by 54 % ( p  = 0.004). 
Signifi cant changes in the PD effects were not found in analgesia (cold pressor test) 
or the psychomotor VAS test. Itraconazole (a potent CYP3A4 inhibitor) was found 
not to signifi cantly affect oral S-KTM but ticlopidine (a potent CYP2B6 inhibitor) 
was reported to signifi cantly increased the AUC by 2.4-fold ( p  < 0.001) in 11 healthy 
volunteers [ 23 ]. The nor-KTM/KTM AUC ratio was signifi cantly reduced by 47 % 
( p  < 0.001) and the mean nor-KTM  C  max  from 56.9 ng/mL ± 22.3 to 46.2 ng/mL ± 11.9 
( p  < 0.05). The PD effects using the VAS and drowsiness were signifi cantly increased 
by both itraconazole and ticlopidine ( p  < 0.05). The lack of interaction by itracon-
azole raises interesting questions and theories where the authors suggested that itra-
conazole may modulate another drug transport system (e.g., P-glycoprotein) that 
masks the CYP3A4-mediated inhibition although no evidence is offered. This study 
demonstrated that CYP2B6 inhibition can play signifi cant role drug interactions 
with oral S-KTM besides CYP3A4.  

24.5     KTM and Other Potential Drug Interactions 

 In vitro studies with perfused rat liver preparations indicated that KTM inhibited the 
conversion of MOR to its glucuronidated metabolite MOR-3-glucuronide (M3G) 
with the mean fractional conversion of MOR to M3G that was signifi cantly 
decreased from 0.46 ± 0.17 to 0.28 ± 0.14 ( p  < 0.05) [ 24 ]. Phase II glucuronidation is 
a major route of MOR metabolism and is catalyzed by the UDP- 
glucuronosyltransferase (UGT) system [ 24 ]. The conversion from MOR to M3G 
occurs via UGT2B7, UGT1A1, and UGT1A8 but the major infl uence occurs with 
the UGT2B7 system. KTM using Michaelis-Menten kinetics inhibited M3G forma-
tion via glucuronidation. Using human hepatic microsomes, the effect of KTM on 
MOR and codeine (COD) was examined [ 25 ]. COD conversion to codeine-6- 
glucuronide (C6G) also occurs by UGT2B7 [ 25 ]. KTM was shown to inhibit recom-
binant human UGT enzymes in a dose-dependent manner with <100 μM to inhibit 
UGT2B7 activity. KTM administration to human hepatic microsome preparations 
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inhibited the MOR conversion to M3G and COD to C6G with Ki values derived 
from the enzyme kinetics using the Dixon plots [ 24 ,  25 ]. These in vitro studies indi-
cate that possible interactions with KTM could occur with other drugs that are sig-
nifi cantly metabolized the UGT2B7 and possibly by these other UGT2B4 and 
UGT2B15 enzymes systems. 

24.5.1     Midazolam (MDZ) 

 Diazepam, lorazepam, and other older benzodiazepines have given way to mid-
azolam as the most commonly used benzodiazepine agents used in anesthesia. MDZ 
can be used to induce anesthesia in surgery and dental procedures that can be admin-
istered orally or by IV [ 26 ]. MDZ shown in Table  24.1  is a short-acting benzodiaz-
epine metabolized by the intestinal and hepatic CYP3A4 enzymes to 4-hydroxy 
MDZ and α –OH MDZ [ 27 ]. The pharmacodynamics actions of severe respiratory 
depression can be successfully treated with benzodiazepine antagonist fl umazenil 
[ 28 ]. MDZ was reported to have an intermediate extraction ratio of 0.38 [ 29 ], which 
indicates the likelihood of signifi cant drug-drug interactions involving the CYP 
enzyme system. In vitro models with Caco-2 cells reported that MDZ was a P-gp 
inhibitor but not a P-gp substrate [ 30 ]. Grapefruit juice (GFJ) is a CYP3A4 inhibitor 
and was given to healthy male subjects ( N  = 8) with MDZ oral 15 mg or IV 5 mg 
[ 31 ]. GFJ was shown to increase mean MDZ bioavailability from 24 % ± 3 % to 
35 % ± 3 % ( p  < 0.01). GFJ did not signifi cantly affect IV MDZ disposition but sig-
nifi cantly increased mean oral MDZ AUC from 143 μg • h/L ± 26 to 217 μg • 
h/L ± 31 ( p  < 0.01). The PD effects of sedation assessed by the subject and the inves-
tigator, which noted an increase in sedation with the oral MDZ + GFJ compared to 
the MDZ + water (placebo). GFJ was reported to increase the oral MDZ bioavail-
ability by 35 % in a pediatric population undergoing dental procedures but this 
effect was not found in the adult population [ 32 ,  33 ]. Clinicians should exercise 
caution when MDZ is used and it should be included in the patient history if GFJ is 
a regular part in the patient’s diet.   

24.6     MDZ: Antibiotic and Antifungal Interactions 

 Macrolide antibiotics are well-known CYP3A4 inhibitors, and with human hepatic 
microsomes, in vitro models examined the effects of preincubation with erythromy-
cin, clarithromycin, and azithromycin on MDZ metabolic hydroxylation [ 34 ]. The 
kinetic parameter for enzyme inactivation was most potent with erythromycin 
(ERY) and clarithromycin (CLY) noted to occur at 12.6 mM and 41.6 nM, respec-
tively. The least potent was azithromycin at 623 nM. Therefore, the in vitro model 
predicts signifi cant drug interactions with ERY and CLY but not azithromycin. 
Erythromycin is commonly used in a preoperative agent prior to anesthesia to 
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prevent increased gastric pH and decrease residual gastric volume as well as an 
antibiotic effective against gram (+) and gram (−) bacteria [ 35 ]. 

 A case report in an 8-year-old patient given with oral erythromycin and oral MDZ 
noted lost consciousness and awoke 45 min later where the MDZ samples obtained 
at the same time noted a concentration of 134 ng/mL [ 36 ]. The authors then entered 
six children into a pharmacokinetic study given with oral MDZ alone and noted the 
mean MDZ  C  max  was 73 ng/mL (range of 31–114 ng/mL) at 2.5 h and concluded that 
a signifi cant drug interaction likely occurred between ERY and MDZ agents. An in-
depth study with healthy volunteers ( N  = 12) was conducted, which were given with 
500 mg ERY TID or placebo for 1 week or placebo [ 37 ]. Six subjects were then given 
with oral MDZ 15 mg and a ERY 500 mg dose followed by 4 months, the study was 
repeated with the other six subjects administered IV MDZ 0.05 mg/kg 2 h after a 
500 mg dose of ERY. Both oral and IV MDZ pharmacokinetics were signifi cantly 
increased when ERY was given (mean oral MDZ AUC 12 μg • h/min ± 1 versus 
53 μg • h/min,  p  < 0.003; mean IV MDZ CL 7.8 mL/min/kg ± 0.6 versus 3.6 mL/min/
kg ± 0.3,  p  < 0.028). Six different PD effects were assessed (e.g., sedation) and each 
parameter was signifi cantly increased ( p  < 0.05) during coadministration of ERY and 
MDZ. The recommendation was that either MDZ dose be reduced by 50–75 % or 
prescriptions of MDZ and ERY be avoided for patient safety. 

 A similar fi nding was found when CLY and MDZ were given in the elderly (aged 
65–75 years,  N  = 16) patients with an increase of 3.2-fold and 8.0-fold in MDZ AUC 
given orally and IV, respectively [ 38 ]. Signifi cantly lower mean [95 % C.I.] MDZ 
CL occurred with both oral and IV MDZ with CLY (121 L/h [88,154] versus 
17.4 L/h [12.3, 22.5]; 33.2 L/h [28.7, 37.8] versus 11.5 L/h [8.7, 14.4],  p  < 0.0001), 
respectively. Azithromycin was found not to signifi cantly affect human perfor-
mance (e.g., digit symbol-substitution test) when given with MDZ in 64 healthy 
volunteers [ 39 ]. A modest PK and PD interaction between roxithromycin and MDZ 
was reported in ten healthy volunteers [ 40 ]. Although a signifi cant MDZ AUC was 
found (8.3–12.2 μg • mL/min,  p  < 0.05), only a minor increase psychomotor impair-
ment occurred ( p  = n.s.). Unlike the interaction with ERY, roxithromycin appears 
less likely to be clinically signifi cant. 

 Itraconazole 100 mg given for 4 days was reported to signifi cantly increase by 
sixfold the MDZ AUC ( p  < 0.001) when given with oral MDZ 7.5 mg in 12 healthy 
volunteers [ 40 ]. Other PK parameters signifi cantly have increased elimination half- 
life by twofold ( p  < 0.001) and  C  max  2.5-fold ( p  < 0.001). A similar fi nding was found 
with itraconazole 200 mg that was given with MDZ [ 41 ]. This study also included 
an additional interaction with rifampicin 600 mg for 5 days and MDZ AUC was 
dramatically reduced to only 2.3 % of the original MDZ AUC when given alone. 
Itraconazole 200 mg for 6 days and fl uconazole 200 mg for 5 days were evaluated 
in healthy volunteers given with oral MDZ 7.5 mg and IN DZ 0.05 mg/kg [ 42 ]. Both 
itraconazole and fl uconazole signifi cantly reduced MDZ by CL 69 % and 51 % 
( p  < 0.01), respectively. A lower fl uconazole single dose of 150 mg did not substan-
tially affect oral MDZ 10 mg effects on both PK and PD parameters ( p  = n.s.) [ 43 ]. 
Itraconazole at 100 and 200 mg produced a signifi cant change in MDZ PK and PD 
effects.  
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24.7     MDZ and Other Anesthetic Drug Interactions 

 MDZ has been combined synergistically to promote PD effects with other anes-
thetic agents such as Ppf (see Propofol section) to lower dosage requirements of the 
other agents while enhancing patient recovery time. MDZ is commonly used with 
Ppf in adults and children for various surgical procedures [ 44 ,  45 ]. The combined 
actions of MDZ and Alf were examined in female patients ( N  = 90) scheduled for 
various gynecologic procedures [ 46 ]. Patients were randomized into three different 
groups ( N  = 30 per group) – Alf alone, MDZ alone, and MDZ-Alf. The ED 50  dose 
for Alf alone (0.13 mg/kg) and MDZ alone (0.22 mg/kg) was designated as the 
baseline effect of 1.00 to induce anesthesia. The MDZ-Alf combination had a lower 
ED 50  fraction of 0.33 and 0.21, respectively, compared to each agent alone. The 
MDZ-Alf doses used to induce anesthesia were 0.028 mg/kg and 0.07 mg/kg, 
respectively, indicating a supradditive effect ( p  < 0.0001). Since both MDZ and Alf 
are metabolized by CYP3A4, the possibility of a PK interaction of these two agents 
was examined in the rat model [ 47 ]. The combined MDZ-Alf yielded no signifi cant 
increase in either agent in plasma or brain concentrations. However, the PD effects 
of analgesia and tail compression test for pain were signifi cantly increased ( p  < 0.01) 
indicating the enhanced PD effects without a PK interaction. 

 Subhypnotic MDZ doses of 0.02 mg/kg were reported to signifi cantly potentiate 
the anesthetic effects of thiopental in fi fty patients requiring eye surgery [ 48 ]. The 
combined effects of MDZ-thiopental in female patients ( N  = 90) undergoing minor 
gynecologic procedures were studied [ 49 ]. Patients were randomized into three 
different groups ( N  = 30 per group) – MDZ alone, thiopental alone, and MDZ- 
thiopental. The ED 50  for MDZ alone (0.19 mg/kg) and thiopental alone (2.9 mg/kg) 
was designated as the baseline effect of 1.00 to induce anesthesia. The combined 
MDZ-thiopental had an ED 50  of 0.26 and 0.24, respectively, compared to each 
agent alone. The MDZ-thiopental doses used to induce anesthesia were 0.05 mg/
kg and 0.70 mg/kg, respectively, indicating a supradditive effect ( p  < 0.0001). 
Thiopental is a barbiturate, which can have additive PD effects at the BZ-GABA-CL 
receptor complex with MDZ. Anesthetic drug interaction studies rarely assess 
greater than two drugs coadministered due to the complexity of the drug-drug 
interactions and when the multiple PD factors are included in either healthy volun-
teers or patients undergoing surgery. Effects of MDZ, Alf, and Ppf alone, the two-
drug combination, and fi nally the three-drug combination were evaluated in 130 
undergoing different surgeries [ 50 ]. The baseline ED 50  doses of each agent alone 
were used to compare the various effects of the different drug combinations. The 
two-drug combinations were shown to act synergistically signifi cantly lowering 
the doses of each agent to induce anesthesia. The three-drug MDZ-Alf-Ppf combi-
nation ED 50  did not signifi cantly from any of the two-drug combinations (e.g., 
MDZ-Alf or MDZ-Ppf) suggesting that greater than two drugs that included MDZ 
with another agent is adequate to induce anesthesia.  
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24.8     MDZ and Other Drug Interactions 

 Saquinavir is a protease inhibitor and a potent CYP3A4 inhibitor [ 51 ]. The PK and 
PD effects of saquinavir on oral and IV MDZ were examined in 12 healthy volun-
teers [ 52 ]. Saquinavir signifi cantly increased the oral MDZ bioavailability from 41 
to 90 % ( p  < 0.001), MDZ AUC by fi vefold ( p  < 0.001), and  C  max  greater than two-
fold ( p  < 0.001). Five of six PD psychomotor tests reported impaired skills and 
increased sedative effects ( p  < 0.05). Saquinavir signifi cantly decreased IV MDZ 
CL by 56 % ( p  < 0.001) and increased elimination half-life from 4.1 to 9.5 h 
( p  < 0.01). The recommendation was that the oral MDZ dose be reduced by 50 %. 
When parecoxib 40 mg IV was given to the subjects, it was reported not to signifi -
cantly alter PK and PD parameters [ 53 ]. 

24.8.1     Muscle Relaxant Anesthetic Drug Interactions 

 As muscle relaxants are commonly used during anesthesia, specifi c drug-drug inter-
action studies are lacking due to their different pharmacologic actions and PD 
effects that focus on the skeletal muscles [ 54 ]. In two small studies with Ppf, a sig-
nifi cant PD interaction with vecuronium and rocuronium was not found [ 55 ,  56 ]. 
Smoking (>10 cigarettes/day) was not found to signifi cantly effect rocuronium PD 
effects compared to nonsmokers ( N  = 10 per group) as nicotine has stimulant effects 
on the cardiovascular system [ 57 ]. Patients ( N  = 60) undergoing laryngoscopy were 
randomly assigned to receive either TPL or etomidate for a rapid anesthetic induc-
tion given with rocuronium [ 58 ]. All patients were given with Alf for induction and 
then followed by two agents. The etomidate-rocuronium groups had a more pro-
nounced effect on muscle relaxation than rocuronium-alone group and the TPL- 
rocuronium group ( p  < 0.05).  

24.8.2     Opioid Anesthetic Drug-Drug Interactions 

 The most commonly used opioid agents used in anesthesia are Alf, fentanyl, and 
sufentanil due to their quick onset of action and short elimination half-life [ 59 ]. 
Factors that may affect opioid disposition include age, protein binding, cardiopul-
monary bypass, and renal and hepatic dysfunction. The drug interaction between 
opioids and Ppf has been previously described (see the Propofol: Opioid section). 
The majority of opioids including Alf are metabolized by the hepatic CYP3A4 and 
CYP2D6 (see Chap.   11    ) [ 60 ]. Alf and fentanyl are metabolized by CYP3A4 [ 61 ] 
and Alf has been used as a validated probe for CYP3A4 activity [ 62 ]. Although 
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sufentanil is metabolized by CYP3A4, its PK profi le was not signifi cantly changed 
when oral ERY, a well-known CYP3A4 metabolic inhibitor, was given to six healthy 
volunteers [ 63 ]. Itraconazole, an antifungal agent and also a well-known CYP3A4 
inhibitor, was shown not to infl uence IV fentanyl pharmacokinetics (mean CL fen-
tanyl alone 23.9 mL/kg/min ± 9.9 versus itraconazole + fentanyl 22.0 mL/kg/
min ± 12.7) in ten healthy volunteers [ 64 ]. The difference between Alf and these two 
other opioid anesthetic agents can be explained by drug’s extraction ratio. Alf has a 
low extraction ratio (0.14), and in contrast, both fentanyl and sufentanil have a high 
extraction ratio >0.8 [ 29 ]. As Alf disposition is dependent on hepatic blood fl ow, 
changes in CYP3A4 activity can exert signifi cant effects upon its pharmacokinetic 
profi le, whereas fentanyl and sufentanil are unaffected by intrinsic hepatic CL [ 29 ]. 
Alf, fentanyl, and sufentanil were reported not to be substrates for P-glycoprotein 
(P-gp) [ 65 ]. Drug interactions with the P-gp system remain to be identifi ed with 
these agents.   

24.9     Opioid: Antibiotic/Antifungal Drug Interactions 

 Oral ERY was administered to six healthy volunteers and it was reported to signifi -
cantly inhibit Alf metabolism [ 66 ]. Alf mean elimination half-life signifi cantly 
increased by about 25 % from 105.9 min ± 41.5 to 131.4 min ± 43.5 ( p  < 0.01) and 
mean CL signifi cantly decreased from 3.9 mL/kg/min ± 0.8 to 2.9 mL/kg/min ± 1.2 
( p  < 0.01). Volume of distribution did not signifi cantly change. From these results, a 
recommendation was that either ERY not be used or the Alf dose be signifi cantly 
reduced. The effects of CYP3A4 activity was reported in healthy volunteers ( N  = 9) 
when given with intravenous Alf 20 mcg/kg and also given with rifampin (inducer) 
and troleandomycin (inhibitor) [ 67 ]. Alf mean CL given alone (control) was signifi -
cantly increased with rifampin (5.8 mL/kg/min,  p  < 0.05) and signifi cantly decreased 
with troleandomycin (1.1 mL/kg/min,  p  < 0.05). A later study compared the effects 
of parecoxib and troleandomycin on Alf and fentanyl in 12 healthy volunteers [ 29 ]. 
Parecoxib is a prodrug that is metabolized to valdecoxib, which is a compound that 
is a CYP3A4 substrate and then may interact with Alf or fentanyl. However, 
Parecoxib was shown not to signifi cantly alter Alf and fentanyl disposition. 
Troleandomycin was reported not to signifi cantly affect fentanyl pharmacokinetics 
but signifi cantly decreased the mean Alf CL from 5.53 mL/kg/min ± 2.16 to 0.64 mL/
kg/min ± 0.25 ( p  < 0.05). Other Alf pharmacokinetic parameters were signifi cantly 
changed (AUC,  C  max ,  K  el , and elimination half-life,  p  < 0.05). However, Alf  T  max  and 
volume of distribution were found not to be unchanged. 

 The antifungal agent ketoconazole (potent CYP3A4 inhibitor) was reported to sig-
nifi cantly decrease Alf CL by 82 % ( p  < 0.05) [ 68 ]. Fluconazole is another antifungal 
agent and a less potent in vitro CYP3A4 inhibitor than ketoconazole or itraconazole 
[ 69 ]. Nine healthy volunteers were given with oral fl uconazole 400 mg or placebo and 
then followed by either intravenous fl uconazole 60 mg or saline. Alf 20 mcg/kg was 
given after fl uconazole or placebo [ 70 ]. Fluconazole led to a signifi cant decrease in 
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Alf CL from 3.1 mL/min/kg ± 1.1 to 1.4 mL/min/kg ( p  < 0.001) with a subsequent 
increase in Alf AUC from 117.8 ng/mL/h ± 41.1 to 231.5 ng/mL/h ± 62.2 ( p  < 0.001) 
and mean elimination half-life from 1.5 h ± 0.5 to 2.5 h ± 0.7 ( p  < 0.001). Alf volume 
of distribution remained unchanged. Voriconazole is a recently new antifungal agent 
that inhibits CYP3A4, CYP2C9, and CYP2C19 enzyme activity [ 71 ]. Like with fl u-
conazole, voriconazole was given orally and intravenously, which signifi cantly 
decreased mean the Alf CL from 4.4 mL/min/kg ± 2.4 to 0.67 mL/min/kg ± 0.27 
( p  < 0.001) in 12 healthy volunteers [ 72 ]. Alf mean elimination half-life was dramati-
cally increased from 1.5 h ± 0.49 to 6.6 h ± 1.8 ( p  < 0.001). Alf + voriconazole led to 
nausea in fi ve persons and vomiting in four subjects which was not reported with Alf 
given alone. Terbinafi ne (CYP2D6 inhibitor) was also tested with Alf ( N  = 12) and did 
not lead to any signifi cant changes in Alf pharmacokinetics. These results indicate that 
CYP3A4 inhibition and not CYP2D6 inhibition produced signifi cant drug-drug inter-
actions with Alf.  

24.10     Opioid and Other Drug Interactions 

 Patients ( N  = 30) undergoing coronary bypass surgery were randomly assigned either 
diltiazem or placebo with Alf anesthesia induction [ 73 ]. Diltiazem inhibits CYP3A4 
and its actions on Alf disposition were examined. Besides the Alf pharmacokinetics, 
the time for the drug plasma level to decrease by 50 % after cessation of the infusion 
( t  50 ) was also reported. Diltiazem signifi cantly increased the mean Alf AUC by 40 % 
( p  < 0.05), mean elimination half-life by 50 % ( p  < 0.05), and mean  t  50  by 40 % 
( p  < 0.05). Patients that received diltiazem had tracheal extubation performed on the 
average 2.5 h later ( p  = 0.054) compared to those that received the placebo. Atorvastatin 
is a CYP3A4 substrate and inhibitor prescribed for hypercholesterolemia. Concurrent 
use with Alf was reported not to affect Alf pharmacokinetics in sixteen patients under-
going elective surgery [ 74 ]. The effects of fentanyl and Alf on minimum alveolar 
concentration (MAC) when isofl urane inhalation was administered in patients ( N  = 79) 
that had various surgical procedures [ 75 ]. Isofl urane alone reported a MAC of 1.25 % 
and when combined with fentanyl (0.5 ng/mL, 95 % C.I. 0–4.6 ng/mL) and Alf 
(28.8 ng/mL, 95 % C.I. 0–79 ng/mL) resulted in a 50 % isofl urane MAC reduction 
( p  < 0.05). Due to the combined PD actions, a decreased amount of isofl urane admin-
istration was recommended when Alf or fentanyl is given. 

 Ritonavir is a protease inhibitor that is a potent CYP3A4 and CYP2D6 inhibitor 
but a less potent CYP2C9/10 inhibitor [ 76 ]. Healthy volunteers ( N  = 12) were given 
with ritonavir up to 900 mg after 2 days and then 300 mg or placebo in the morning 
of the third day. On the second day, fentanyl 5 μg/kg was given intravenously (IV) 
and naloxone 0.1 mg IV administered to prevent respiratory depression. Ritonavir 
signifi cantly reduced the mean fentanyl CL from 15.6 mL/kg/min ± 8.2 to 5.2 mL/
kg/min ± 2.0 ( p  < 0.01) and increased the mean fentanyl AUC from 4.8 ng/mL/h ± 2.7 
to 8.8 ng/mL/h ± 2.3 ( p  < 0.01). Caution was recommended when ritonavir is added 
to persons taking fentanyl for anesthesia induction or pain management. 
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24.10.1     Propofol-Opioid Interactions 

 Propofol (Ppf) can be given by target-controlled infusion (TCI) to maintain anesthe-
sia as some patients may lose consciousness at a concentration of 1.0 μg/mL as 
other patients may need higher concentrations of 4–5.0 μg/mL when used as the 
sole agent [ 5 ]. Ppf given with other anesthetics acts synergistically with the opioids 
that lead to lower Ppf concentrations to induce anesthesia. Ppf is metabolized by the 
hepatic CYP1A1, CYP1A2, and CYP2B6 [ 77 ,  78 ]. CYP2B6 enzymes are also 
expressed in the brain which can be an additional source of possible PD variability 
[ 79 ]. Ppf possesses a high hepatic extraction ratio of 0.76 in the large intestine and 
a smaller extraction ratio of 0.24 in the small intestine [ 80 ]. Opioids combined with 
Ppf include fentanyl, sufentanil, alfentanil, and remifentanil [ 81 ]. When Ppf is com-
bined with remifentanil, a Ppf plasma concentration of 2.5–3.0 μg/mL is needed to 
achieve an anesthetic therapeutic effect. When Ppf is used with the other three opi-
oids, the optimal plasma Ppf concentration is about 3.5 μg/mL [ 80 ,  82 ]. All of these 
opioids are primarily metabolized by CYP3A4. Based upon these results, Ppf may 
then also be metabolized by CYP3A4.81 Using data from clinical trials and employ-
ing computer simulations, it was reported that anesthesia induction occurred <5 min 
with the three opioids, whereas the peak induction effect of 8.5 min was longer with 
sufentanil [ 83 ]. Computer simulation analysis of Ppf-opioid drug interactions has 
been used in various surgeries and examination procedures such as upper endos-
copy [ 84 ]. 

 The drug interaction between Ppf and opioids has been mostly evaluated with 
alfentanil (Alf). The pharmacokinetic drug interaction between Ppf and Alf (and also 
fentanyl) was described in 1993 where the opioids increased the Ppf volume of dis-
tribution (Vd) in the central compartment and clearance (CL) [ 85 ]. Ppf was reported 
to increase the mean Alf plasma concentrations by about 15 % by decreasing Alf CL 
to 15 %. When Ppf and Alf were used together, the mean arterial pressure and system 
vascular resistance was signifi cantly lower ( p  < 0.05) suggesting that the PD changes 
resulted from the PK interaction [ 86 ]. A subsequent study showed that Alf signifi -
cantly reduced Ppf CL (2.1–1.9 L/min,  p  < 0.05) and the peripheral Vd from 179 to 
141 L ( p  < 0.05) [ 86 ]. The PD effects reported heart rate as a signifi cant covariable 
where bradycardia occurred with an increased Ppf plasma concentration, while 
tachycardia took place with reduced Ppf plasma concentrations. These results indi-
cate that Ppf and Alf effects each other’s distribution and elimination by changes in 
hepatic perfusion and not by the hepatic CYP enzyme system. 

 The Prf-Alf PK and PD interaction for anesthesia induction was extensively stud-
ied in patients ( N  = 20) undergoing general surgery [ 83 ]. The study reported a signifi -
cant PD effects when using the eyelash refl ex and state of consciousness: (1) Increasing 
Alf plasma concentrations from 0 to 500 ng/ml, the EC 50  of Ppf decreased from 2.07 
to 0.83 μg/mL for the loss of eyelash refl ex and from 3.62 to 1.55 μg/mL for the loss 
of consciousness; (2) the Ppf EC 50  for a 10 % decrease from baseline in systolic blood 
pressure and heart rate dropped from 1.68 μg/mL to 0.17 μg/mL and from 2.36 μg/mL 
to 0.04 μg/mL, respectively. These PD interactions were nonlinear as when the Ppf 
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concentration increased, the decrease in Alf dose was not proportional to the change 
in Ppf concentrations due to their synergistic actions. This was evident when plasma 
Ppf concentrations were plotted against the plasma Alf concentrations and the com-
bined PD effects reduced the mean heart rate by 10 %, 20 %, and 30 %. The steepness 
of the nonlinear curve progressively increased from 10 % to 30 % with a dramatic 
decrease in heart rate. This study and subsequent studies have recommended the opti-
mal Ppf-Alf combination to target concentrations of 3.5 μg/mL for Ppf and 85 ng/mL 
for Alf. After a 5-h TCI with these agents at these target concentrations, 50 % of the 
patients should regain consciousness after about 16 min [ 87 ]. 

 Remifentanil (Rfl ) is another short-acting opioid used for general anesthesia. Like 
Alf, Rfl  can be coadministered with Ppf and act in a PD synergistic manner [ 88 ]. 
Female patients ( N  = 38) undergoing elective gynecologic surgery were randomly 
assigned Rlf doses of 0, 0.5 μg/kg, or 1.0 μg/kg with Ppf given via TCI of 4 μg/mL 
[ 89 ]. The PD effects monitored included hemodynamic (e.g., HR) and the EEG 
bispectral index (BIS). Rlf at a concentration of 1.0 μg/mL was reported to signifi -
cantly increase Ppf concentrations ( p  < 0.001) due to the decreased in cardiac output 
and heart rate induced by Rlf. Lower Rlf concentrations did not produce this effect 
on Ppf concentrations. A signifi cant change in BIS activity was not found with the 
Rlf addition and the suggested reasons were the relatively low and burst EEG sup-
pression and that the increase in Ppf concentrations may not have been suffi cient to 
effect BIS changes while the subjects were under deep anesthesia. Like Alf, Rlf 
produced similar effects on the PK and PD parameters when combined with Ppf.   

24.11     Propofol: Sedative/Hypnotics 

 Ppf interacts in a synergistic mode with the sedative-hypnotics midazolam (MDZ) or 
thiopentone by suppressing neuronal actions on the neurotransmitter γ-aminobutyric 
acid (GABA) activity and enhancing various PD effects required for anesthesia [ 81 ]. 
MDZ coadministration signifi cantly reduces the Ppf dosage requirements but may 
prolong postoperative recovery [ 90 ]. The drug interaction between Ppf and MDZ 
occurs by various mechanisms. Both Ppf and MDZ are highly protein bound to albu-
min >90 % (see Table  24.1 ). An in vitro study reported that when MDZ was added to 
Ppf, Ppf signifi cantly raised the amount of free MDZ concentrations by 4–5 % 
( p  < 0.05) [ 91 ]. A clinical study in patients ( n  = 19) undergoing cardiopulmonary 
bypass surgery where MDZ was used for anesthesia induction [ 92 ]. Ppf was continu-
ously infused at a rate of 4 mg/kg/h and blood samples taken at predetermined inter-
vals. The total Ppf plasma concentrations remained unchanged during surgery, but the 
plasma free Ppf concentrations increased by twofold 15 min after coadministration. 
Erythrocytes’ Ppf concentrations also increased by 1.6-fold. Both plasma and eryth-
rocyte Ppf concentrations returned to the baseline amounts upon surgery completion. 

 MDZ is extensively metabolized by CYP3A4 and suggestion of Ppf reducing 
MDZ CL by competitive hepatic CYP inhibition was proposed [ 27 ,  29 ]. The effects 
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of Ppf on MDZ CL were evaluated in eight healthy volunteers [ 93 ]. Subjects 
received MDZ starting dose of – and then an infusion of – 0.035–0.05 mg/kg/h for 
59 min. Ppf was added under TCI conditions at 0.6 or 1.0 μg/mL 15 min before the 
MDZ start and then for the next 6 h. Both PK and PD variables were analyzed using 
population PK (NONMEM version VI 1.2) method. Ppf was shown to signifi cantly 
reduce MDZ volume of distribution from 5.37 to 2.98 L ( p  < 0.05) and CL from 0.39 
to 0.31 L/min ( p  < 0.05). Inclusion of the heart rate the covariate improved the 
model, whereas other cardiovascular hemodynamics (e.g., cardiac output) had no 
signifi cant effects. However, all cardiovascular effects were signifi cantly effected 
( p  < 0.05) when both drugs were coadministered. In another study with healthy vol-
unteers ( N  = 8) that received MDZ with an initial dose 0.035–0.050 mg/kg/h and 
then an infusion 0.035–0.050 mg/kg/h 59 min [ 94 ]. Ppf was given at a target con-
centration  at 0.6 or 1.0 mg/mL MDZ was administered under TCI (target concen-
tration of 125 ng/mL) at 15 min before Ppf was given and until 6 h after Ppf 
termination. MDZ presence resulted in a mean increased Ppf blood concentration 
by 25.1 % ± 13.3 % and reduced Ppf elimination CL 1.94–1.64 L/min ( p  < 0.05). 
Heart rate, mean arterial pressure (MAP), and stroke volume as PD effects were 
shown to be signifi cantly effected ( p  < 0.05), but only the mean arterial pressure 
(MAP) was reported to improve the population model.  

24.12     Propofol: Other Drug Interactions 

 The EC 50  of Ppf when given with nitrous oxide 60 % was found to be signifi cantly 
reduced from 14.3 to 3.85 μg/mL for suppression of movements to skin incision 
[ 95 ]. Similar fi ndings were reported with Ppf and nitrous oxide 67 % that sup-
pressed a 50 % response to skin incision with a Ppf EC 50  reduction from 6.0 to 
4.5 μg/mL [ 96 ]. A case report described profound hypotension when two doses of 
rifampin 600 mg were given prior to surgery and when Ppf was used for anesthesia 
induction. This led to a retrospective case-control study that examined the effects of 
rifampin on Ppf ( n  = 25) and thiopential ( N  = 25) versus Ppf alone ( N  = 25) as this 
antibiotic can be given for prophylaxis of infection prior to surgery [ 97 ]. Patients 
given with rifampin + Ppf combination had a signifi cant effect in changing the MAP 
with a longer duration of hypotension (odds ratio 11.0 and 95 % C.I. 3–39,  p  < 0.005) 
compared to other two groups. A mechanism for a Ppf-rifampin interaction was not 
explored but suggested to occur by enhancement of venous smooth muscle through 
increased production and release of endothelial nitric oxide. This is an interesting 
hypothesis that needs clarifi cation, and until further information is available, the use 
of rifampin prior to Ppf anesthesia induction is cautioned and other antibiotics are 
recommended to be used. 

 Patients ( N  = 72) that underwent upper limb surgery reported prolonged QTc 
intervals when Ppf and droperidol 1.25 and 2.5 mg were coadministered [ 98 ]. 
Droperidol prevents postoperative nausea and vomiting (PONV) and doses of 
0.625 and 1.25 mg are recommended. For severe PONV cases, a maximum dro-
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peridol dose of 2.5 mg is recommended. However, droperidol 2.5 mg can lead to 
signifi cant QTc prolongation and it was found that Ppf counteracted the droperi-
dol-induced prolonged QTc actions. The mechanism for this counteracting effect 
was suggested to occur as droperidol inhibits the cardiac K+ current rectifi er ( I  Kr ) 
and Ppf shortens the QTc interval by suppression of L-type calcium currents ( I  Ca ). 
Ppf would be useful for anesthesia induction in patients needing droperidol for 
PONV. Parecoxib is a prodrug converted to valdecoxib, which inhibits CYP2C9 
and possibly interacts with Ppf. A balanced crossover study with 12 healthy volun-
teers received Ppf 2 mg/kg bolus 1 h after an intravenous parecoxib 40 mg dose or 
placebo [ 99 ]. The single- bolus parecoxib dose was shown not to signifi cantly 
affect Ppf pharmacokinetic parameters ( C  max , CL, elimination half-life, and volume 
of distribution) or pharmacodynamics parameters (VAS, Ppf EC 50 , and BIS scores). 

24.12.1     Thiopental (TPL) 

 Thiopental is a barbiturate anesthetic agent used for many years to induce sedation 
and commonly combined with other agents to maintain anesthesia in patients under-
going surgery. As a barbiturate, TPL pharmacologic actions occur allosterically on 
the BZ-GABA-CL ion receptor complex producing its sedative actions [ 100 ]. TPL 
metabolism remains relatively unknown due to its early use in anesthesia and PK 
interactions have not been well studied. However, an in vitro study reported that 
protein-binding displacement of TPL from albumin may occur with diazepam, des-
methyldiazepam, fentanyl, and other agents increasing free TPL concentrations 
[ 101 ]. 

 PD interactions are likely to occur when used with other anesthetics due to their 
differing pharmacologic mechanism of action and the increased free TPL concen-
trations promote sedation while, maintaining analgesia, and optimal cardiovascular 
effects.   

24.13     TPL: Other CNS Depressant Agents 

 TPL combined with Ppf in unpremedicated patients ( N  = 120) was assessed where 
the PD endpoint was anesthesia induction and a patient’s inability to open their eyes 
to command after 60 s [ 102 ]. Patients were randomly assigned to one of three 
groups – TPL and Ppf alone and combined TPL-Ppf. The ED50 for the TPL-Ppf 
group was signifi cantly lower than the TPL and Ppf alone groups ( p  < 0.05) suggest-
ing a synergistic action between the two agents. The TPL and Ppf doses when used 
alone were 1.9 and 1.17 mg/kg, respectively, to induce anesthesia. To achieve simi-
lar effects, the combined TPL-Ppf doses were signifi cantly lower and reported to 
synergistically induce anesthesia using multiple endpoints that included EEG mea-
surements, analgesia maintenance, and refl ex assessments [ 102 ]. TPL was given 
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and patients ( N  = 22) were assigned either no MDZ or MDZ with the ED 50 ’s calcu-
lated for the multiple endpoints. For each endpoint, the combined TPL-MDZ ED 50  
was signifi cantly lower than the TPL-alone group ( p  < 0.05). Even a subtherapeutic 
MDZ dose of 0.02 mg/kg was shown to potentiate TPL anesthesia when evaluated 
in 50 patients scheduled for eye surgery [ 103 ]. 

 Fentanyl was combined with TPL, and in the animal model, an enhanced lethal 
effect was found that was greater than the hypnotic effects (loss of righting refl ex) 
[ 104 ]. However, when evaluated in patients ( N  = 46), it was reported that no signifi -
cant changes in TPL plasma concentrations were found when fentanyl was added. 
Further, the hypnotic and analgesic effects did not differ between TPL-fentanyl and 
TPL alone. Although earlier in vitro study indicated increased free TPL concentra-
tions from protein-binding displacement from albumin when fentanyl was added, 
this effect may not be clinically signifi cant under in vivo conditions (see Table  24.1 ). 
Melatonin is a sedative-hypnotic agent and was evaluated in combination with TPL 
[ 105 ]. Melatonin premedication signifi cantly decreased the TPL ED 50  value for the 
PD effect of loss of response to verbal command (3.4 mg/kg versus 2.7 mg/kg, 
 p  < 0.05) and eyelash refl ex (3.7 mg/kg versus 2.6 mg/kg,  p  < 0.05). Alcohol was 
shown to enhance TPL effects 4 h after TPL administration under ambulatory sur-
gery conditions [ 106 ]. Psychomotor effects and body sway were signifi cantly 
altered ( p  < 0.05) and caution is suggested for patient who may consume alcohol 
shortly after an outpatient surgery when TPL is used as anesthetic agent.  

24.14     TPL: Other Drug Interactions 

 Clonidine is an α-adrenergic receptor agonist acting in the CNS to decrease sympa-
thetic outfl ow and when orally administered was reported to decrease the fentanyl 
anesthetic dose requirements [ 107 ]. Patients ( N  = 60) undergoing elective surgery 
were randomly assigned to TPL (50 mg every 15 s) alone, TPL-clonidine 2.5 μg/kg, 
and TPL-clonidine 5.0 μg/kg groups [ 108 ]. It was reported that the TPL-clonidine 
groups produced more sedation than TPL alone. Clonidine 2.5 and 5.0 μg/kg 
resulted in a signifi cantly lower ( p  < 0.05) TPL dose by 25 % and 37 %, respectively. 
A signifi cantly lower blood pressure was found with the clonidine 2.5 μg/kg versus 
the 5.0 μg/kg dose ( p  < 0.05) but not with heart rate. Clonidine can be safely given 
with TPL but the higher 5.0 μg/kg offered no advantages over the lower 2.5 μg/kg 
dose. Dexmedetomidine (DXD) is another α-adrenergic receptor agonist with a 
shorter elimination half-life than clonidine (1.6 h versus 7.5 h) and a more selective 
α-adrenergic agent [ 109 ]. Patients ( N  = 14) with elective surgery were randomized 
to receive infusions of either TPL alone (100 mg/min) or TPL-DXD (100 mg/
min + 6 ng/kg/min) [ 110 ]. EEG burst suppression was used as the main PD effect. 
DXD use reduced the TPL dose by 30 % needed to achieve the EEG burst suppres-
sion. Using a three compartment PK model, a signifi cant decreased in volume of 
distribution and intercompartmental volume of distribution of TPL was noted. 
Interestingly, TPL clearance and elimination half-life were not different between 
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the two groups. The volume of distribution change for TPL likely accounts for the 
need of lower TPL doses when used with DXD. 

 TPL and KTM interactions were found to differ depending upon the KTM dose. 
The anesthetic effects of TPL-KTM combination were additive (not synergistic) at 
the endpoints for anesthesia (e.g., open-eye command) in patients ( N  = 150) under-
going various surgeries [ 111 ]. However, KTM at a subhypnotic dose of 0.4 mg/kg 
had reported antagonistic effects to TPL anesthesia in female patients ( N  = 30) with 
elective surgery [ 112 ]. The different dose KTM effects may be related to its NMDA 
actions compared the TPL BZ-GABA-CL receptor complex. KTM used with TPL 
requires further assessment prior to routine therapeutic application in anesthesia. A 
case report of a patient with an acute amphetamine abuse noted that the usual anes-
thetic dosages of TPL 350 mg and succinylcholine 80 mg were insuffi cient, and in 
less than 30 s, the patient was wide awake. Diazepam 7.5 mg IV was given to calm 
the agitated patient and discharged to the recovery room [ 113 ]. Prior stimulant use 
may increase the anesthetic dosage requirements in some patients with psychiatric 
conditions. 

 Ondansetron, a selective 5HT3 antagonist, is an effective agent for prophylaxis 
as an antiemetic treatment postsurgery [ 114 ]. TPL dose requirements were found 
not to be infl uenced by ondansetron in adult female patients ( N  = 168) completing 
surgery and based upon the PD effects of ability to open eyes on command [ 115 ]. 
Esomeprazole (ESP), a proton pump inhibitor, was used to treatment stress-induced 
esophageal ulcers in critically ill patients ( N  = 52) placed under TPL-induced coma 
to reduce intracranial pressure (ICP) [ 116 ]. A population PK model using the non-
linear mixed effects model (NONMEM, version 7.2) was employed to estimate the 
PK TPL parameters. ESP was shown to signifi cantly increase ( p  < 0.05) TPL vol-
ume of distribution (3.46 L/kg) and decrease clearance (1.19 mL/min/kg) compared 
to the population norms (see Table  24.1 ) and TPL dosage adjustments may be nec-
essary. Metoclopramide (MET) is a dopamine receptor subtype two antagonist used 
for postsurgery antiemetic effects [ 117 ]. MET reduced the TPL ED50 for anesthesia 
by 44 % ( p  < 0.001) in female patients ( N  = 48) and signifi cantly lowered the mean 
TPL dose requirement for hypnotic activity from 5.3 mg/kg ± 0.3 to 3.2 mg/kg ± 0.2 
( p  < 0.001). Droperidol, like MET, also signifi cantly lowered TPL dose requirement 
by the same magnitude in another group of female patients ( N  = 48).  

24.15     Conclusions 

 Anesthetic agents are commonly used in various combinations to induce hypnosis 
and analgesia. Taken into account that patients are likely prescribed medications for 
various chronic medical conditions (e.g., hypertension, diabetes), the chances of 
drug-drug interactions between anesthetics and other drugs can easily occur. 
Although this chapter did not focus on the inhalation anesthetic drugs, these volatile 
gases can produce a variety of drug interactions [ 118 ]. Different PK interactions can 
occur with anesthetic agents when given either by inhalation, oral, intramuscular, or 
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intravenous routes of administration. Certain premedication drugs such as morphine 
and anticholinergics can delay gastric emptying time that can affect drug absorp-
tion. Anesthetics may alter protein binding of other drugs and displacement reac-
tions can occur, which can alter a drug’s volume of distribution. Hepatic CYP drug 
interactions (induction or inhibition) and alterations in hepatic blood fl ow can sig-
nifi cantly change anesthetic drug clearance and elimination half-life, which may 
prolong patient recovery or modify other PD endpoints [ 119 ]. The main PD effects 
of the general anesthetics are to promote immobility (analgesia, pain refl ex) and 
hypnosis (sleep induction and maintenance). Of the different anesthetics covered in 
this chapter, the majority of the drug interactions occur in a synergistic manner with 
or without a PK interaction. The PD synergistic actions are explained by their dif-
ferent pharmacologic mechanisms of action that each agent produces to induce 
anesthesia. Only KTM differed as when combined with another anesthetic drug, it 
can lead to a dose-dependent additive or antagonistic manner. Inhaled anesthetics 
characteristically display a synergetic action with the IV anesthetics nitrous oxide 
and isofl urane and produce additive PD effects [ 120 ]. The PD effects can be quanti-
fi ed by a variety of methods that assess the analgesic, hypnotic, and cardiovascular 
factors providing clinicians with substantial amounts of data to measure anesthetic 
drug accomplishments. Sophisticated mathematical models have been developed to 
unite the complex PK and PD interactions that occur with anesthetic drugs to 
improve their clinical effi cacy, patient recovery, and minimize adverse effects.     
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