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9.1 SUMMARY

Drug disposition in humans is influenced by its absorption, volume of distribution,
metabolism, and, finally, its elimination. Drug metabolism involves phase I and phase
II biotransformations, most of which occur in the human liver. Various physiological
and pathological states may affect the hepatic metabolism of drugs. This chapter
focuses on how physiological states may affect hepatic metabolism and the impact of
liver disease on drug handling. The liver is vulnerable to a wide variety of insults, but
the repertoire of its response to injury is limited. Likewise, the functional consequences
of liver disease on drug disposition are determined by the extent of the injury, as
opposed to its etiology. Although the liver’s enormous functional reserve can mask
the clinical impact of early liver damage, liver disease can ultimately produce multiple
pathological consequences. Predicting drug metabolism in patients with liver disease
is particularly challenging. No universal rule can be applied to the modification of
drug dosages in patients with liver disease. Cirrhosis is the final common pathway for
chronic liver disease. It has the propensity to affect drug metabolism more than any
other form of liver disease. Unfortunately, there is little data available for patients with
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severe liver disease, in whom pharmacokinetic and pharmacodynamic changes are
most pronounced. Liver transplantation (LT) is the only curative option in patients with
severe hepatic dysfunction or hepatic failure. Drug metabolism may also be altered in
the liver transplant recipient. Herbal and alternative medicines are used as “liver reme-
dies” in many patients with liver diseases, and their interactions with drugs and their
potential to influence drug metabolism should also be considered in this patient group.

9.2 THE HUMAN LIVER AND DRUG METABOLISM

The liver is the largest internal organ in the body and is responsible for a wide variety
of functions, including drug metabolism.

9.2.1 Liver Anatomy and Blood Supply

Blood flow to the human liver is unique, in that it receives a dual supply. The hep-
atic artery, a branch of the celiac artery, and the portal vein enter the liver via the
porta hepatis. Both these vessels convey blood to the liver. The hepatic artery brings
oxygenated blood to the liver, and the portal vein brings venous blood rich in the prod-
ucts of digestion, which have been absorbed from the gastrointestinal tract [1]. About
1100 mL of blood flows from the portal vein into the liver sinusoids each minute, and
approximately an additional 350 mL flows into the sinusoids from the hepatic artery.
This represents about 25% of resting cardiac output. Under normal circumstances, the
portal vein supplies ∼70% of the liver’s blood supply and the hepatic artery is respon-
sible for the remaining 30%. Blood from the hepatic artery and the portal vein perfuses
the liver sinusoids and is conducted to the central vein of each liver lobule (Fig. 9.1).
The pressure in the portal vein leading into the liver averages to about 9 mm Hg, and
the pressure in the hepatic vein leading from the liver into the vena cava averages to
0 mm Hg. Hence, resistance to blood flow in the liver sinusoids is low, allowing for
about 1.45 L of blood flow per minute under normal circumstances [2]. The central
veins drain into the hepatic veins, which drain directly into the inferior vena cava.

The liver is made up of many liver lobules, which are the basic functional units
of the liver. On average, an adult human liver contains 50,000–100,000 individual
lobules.

Each liver lobule is centered around a central vein that empties into the hepatic veins
(Fig. 9.2). The central vein (or terminal hepatic venule) of each lobule is a tributary
of the hepatic veins. Functionally, however, hepatic “acini” are roughly a triangular
portion of the liver lobule where the portal tracts form their bases and the central veins
their apices [3]. The parenchyma of the hepatic acinus is divided into three zones
(Fig. 9.1). Zone 1 is closest to the portal tract, while zone 3 is closest to the central
vein and farthest from the portal tract. Zone 2 lies between zones 1 and 3. A lobular
gradient of activity exists for many hepatic enzymes, which follow a zonal distribution
[4]. As a result, many forms of hepatic injury also exhibit a zonal distribution.

The lobule itself is composed of many hepatic cellular “plates” seen microscopically
as cords of cells that radiate from the central vein like spokes of a wheel. Each hepatic
plate is one to two cells thick. The portal tracts, which lie between the hepatic lobules,
contain the portal triad: branches of the hepatic artery, portal vein, and bile duct
(Fig. 9.2). Between the “plates” or cords of the hepatocytes are vascular sinusoids.
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Figure 9.1 Liver architecture. (a) Human liver architecture. Source: Histomicrograph cour-
tesy of Professor M. Isabel Fiel, MD, Mount Sinai School of Medicine, New York, NY. (b)
Microscopic liver architecture depicted schematically [2]. Source: Reprinted with permission.
Copyright Elsevier 1999. PT, portal tract; C, central vein; BD, bile duct; HA, hepatic artery;
PV, portal vein; THV, terminal hepatic venule. (See color insert.)
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Figure 9.2 Basic structure of the liver lobule. (a) Basic structure of the human liver lobule.
Source: Histomicrograph courtesy of Professor M. Isabel Fiel, MD, Mount Sinai School of
Medicine, New York, New York. (b) Schema diagram of the basic structure of a liver lobule [5].
Source: Reprinted with permission. Copyright Elsevier 1991. PT, portal tract; THV, terminal
hepatic venule. (See color insert.)

The arterial and portal venous blood passes between the liver cells by means of these
sinusoids and drains into the central vein. Hepatocytes are thus perfused on both sides
by well-mixed portal venous and hepatic arterial blood.

The endothelial lining of the hepatic sinusoids is fenestrated and discontinuous.
Beneath this lining is a very narrow space between the endothelial cells and the hepatic
cells called the space of Disse (Fig. 9.3), into which protrude abundant microvilli of
hepatocytes. Hepatic stellate cells (Ito cells) are found in the space of Disse. Because
of the large pores in the endothelium, some of which are almost 1 μm in diameter,
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Figure 9.3 Space of Disse. (a) Space of Disse (human liver). Arrows point to the space of
Disse. Source: Histomicrograph courtesy of Professor M. Isabel Fiel, MD, Mount Sinai School
of Medicine, New York, New York. (b) Schema diagram of the space of Disse. Source: Friedman
SL. J Biol Chem 2000. Reprinted with permission. Copyright 2000 The American Society for
Biochemistry and Molecular Biology. (See color insert.)
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even large plasma proteins can diffuse freely into the space of Disse. This also allows
lipophilic drug molecules and its metabolites to readily diffuse into and out of the
hepatocytes. However, polar compounds do not cross the lipid domain of the hepatic
sinusoidal membrane readily, and carrier-mediated transport processes are required for
this [6]. The spaces of Disse connect with lymphatic vessels in the interlobular septa.
Excess fluid in these spaces is removed via the lymphatics.

9.2.2 Drug Metabolism in the Liver

Drug disposition in humans is influenced by its absorption, volume of distribution,
metabolism, and, finally, its elimination.

Drug metabolism involves phase I and phase II biotransformations. Most phase I
and phase II reactions occur in the human liver.

Phase I biotransformation consists of oxidation, reduction, or hydrolysis reactions.
The microsomal mixed-function oxidase system is the main system responsible for oxi-
dation and some reduction reactions. This membrane-bound system of the endoplasmic
reticulum consists of two enzymes (cytochrome P450 and nicotinamide adenine din-
ucleotide phosphate (NADPH)-dependent cytochrome P450 reductase) and requires
NADPH and molecular oxygen to function. The liver is the major site of cytochrome
P450-mediated drug metabolism [7], although CYP450 can also be found in smaller
amounts in extrahepatic tissue. In humans, numerous cytochrome P450 genes have been
identified, but only a small number of encoded proteins contribute to drug metabolism,
namely, the CYP1, CYP2, and CYP3 families. Together, they are involved in 80%
of oxidative drug metabolism and account for close to 50% of overall elimination of
commonly used drugs [7].

Phase II biotransformation conjugates the parent drug or its phase I metabolite to
endogenous substrates such as glucuronic acid, sulfate, or glycine to render the com-
pounds more hydrophilic for excretion. Methylation and acetylation are other phase II
conjugation reactions. Phase II biotransformations mostly occur in the liver cytosol,
with the exception of the endoplasmic reticulum membrane-bound uridinediphospho-
glucuronate glucuronosyltransferases (UGTs).

Phase III reactions lead to the transport of drugs or their metabolites into bile. Biliary
excretion is mediated by ATP-dependent transporters located in the bile canaliculi.

Further details on the enzyme systems involved in drug metabolism can be found
in the volume titled Review of Drug Metabolism and Interactions. Enzyme Systems
Involved in Drug Metabolism and Interactions , part titled Enzyme Systems Involved
in Drug Metabolism and Interactions in Animals and Humans and on the human
cytochrome P450 system in the chapter titled CYP450 Enzymes in Drug Discovery
and Development: An Overview in this encyclopedia.

9.2.3 Hepatic Clearance

Hepatic clearance is the volume of blood perfusing into the liver that is cleared of
drug per unit time. Factors that affect hepatic clearance include hepatic blood flow, the
fraction of unbound drug, drug-metabolizing enzymes and their activity, and intrinsic
clearance that would be observed in the absence of blood flow, biliary excretion, or
enterohepatic circulation and protein-binding restrictions. Hepatic clearance is usually,
although not always, a first-order process (e.g., phenytoin). In the single-compartment
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hepatic clearance model, the entire liver is perceived to be one compartment. Drug
concentrations reach the liver via hepatic artery and portal vein supply. By this theory,
at steady state, intrahepatic drug concentrations are in equilibrium with drug concen-
trations in emerging hepatic venous blood. Intrinsic clearance is the ability of the liver
to eliminate the fraction of unbound drug in the absence of hepatic blood flow limita-
tions. Unlike in the assessment of renal function where the measurement of creatinine
clearance can be used, there is no similar tool or gold standard in the assessment of
hepatic clearance.

Hepatic clearance is restrictive for drugs that have a low extraction ratio (EH < 0.3),
as it is limited by protein binding and enzymatic activity rather than by hepatic blood
flow. Hepatic metabolism of such drugs (e.g., chlordiazepoxide) is often the principal
pathway of elimination, resulting in long elimination-phase half-lives. Hepatic clear-
ance of these drugs can be broadly influenced by changes in their plasma protein
bound fractions or by changes in hepatic drug-metabolizing enzymes (e.g., induction
or inhibition) (Table 9.1). Any altered physiological or pathological factors that could
influence these two factors would also alter hepatic clearance. For example, pregnancy
reduces the concentration of plasma proteins and may alter protein binding of drugs or
the concomitant use of other drugs may inhibit or induce metabolizing enzymes, which

TABLE 9.1 Common CYP450 Enzyme Inducers and Inhibitors

Examples of CYP450 Inducers Examples of CYP450 Inhibitors

CYP1A
• Antimicrobials • Antimicrobials

– Rifampin – Acyclovir
– Griseofulvin – Ciprofloxacin

• Anticonvulsants – Norfloxacin
– Carbamazepine – Ofloxacin

• Anti-HIV agent • Antiarrhythmic agents
– Ritonavir – Amiodarone

• Proton pump inhibitors – Lidocaine
– Omeprazole, esomeprazole – Verapamil
– Lansoprazole – Mexiletine

• Others – Propafenone
– Insulin • Antidepressants
– Charbroiled meat – Fluvoxamine
– Cigarette smoke – Moclobemide

• H2-antagonists
– Cimetidine
– Famotidine

• Others
– Ticlopidine
– Oral contraceptives
– Flutamide
– Caffeine
– Grapefruit juice
– Echinacea

(continued overleaf )
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TABLE 9.1 (continued )

Examples of CYP450 Inducers Examples of CYP450 Inhibitors

CYP2B
• Antimicrobials • Antimicrobials

– Rifampin – Ketoconazole
• Anticonvulsants • Anti-HIV agents

– Phenobarbital – Efavirenz
– Phenytoin – Nelfinavir

• Anti-HIV agents – Ritonavir
– Lopinavir • Antidepressants
– Ritonavir – Fluvoxamine

– Fluoxetine
– Paroxetine

• Others
– Clopidogrel
– Ticlopidine
– Oral contraceptives

CYP2C
• Antimicrobials • Antimicrobials

– Rifampin – Trimethoprim
• Anticonvulsants – Sulfamethoxazole

– Barbiturates – Chloramphenicol
– Carbamazepine – Anastrozole

• Anti-HIV agents – Fluconazole
– Ritonavir – Ketoconazole

• Others – Voriconazole
– St John’s wort (chronic use) – Isoniazid

• Anticonvulsants
– Valproic acid

• Anti-HIV agents
– Efavirenz

• Antiarrhythmic agents
– Amiodarone

• Glitazones
• Antidepressants

– Fluoxetine
• H2-antagonists/proton pump inhibitors

– Omeprazole/esomeprazole
– Cimetidine

• Lipid-lowering agents
– Gemfibrozil
– Fenofibrate
– Fluvastatin

• Others
– Oral contraceptives
– Tamoxifen
– Ticlopidine
– 5-Fluorouracil
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TABLE 9.1 (continued )

Examples of CYP450 Inducers Examples of CYP450 Inhibitors

CYP2D
• Antimicrobials • Anti-HIV agent

– Rifampin – Ritonavir
• Antiarrhythmic agents

– Quinidine
– Amiodarone

• Antidepressants/antipsychotic agents
– Clomipramine
– Fluoxetine
– Fluvoxamine
– Haloperidol
– Paroxetine
– Citalopram

• Others
– Ticlopidine
– Metoclopramide
– Celecoxib
– Chlorpheniramine
– Methadone

CYP3A
• Antimicrobials • Antimicrobials

– Rifabutin – Clarithromycin
– Rifampin – Erythromycin
– Rifapentine – Doxycycline
– Nafcillin – Ciprofloxacin

• Anticonvulsants – Troleandomycin
– Carbamazepine – Telithromycin
– Phenobarbital – Fluconazole
– Phenytoin – Itraconazole

• Anti-HIV agents – Miconazole
– Efavirenz – Ketoconazole
– Nevirapine – Voriconazole

• Others • Antiarrhythmic agents
– Glucocorticoids – Amiodarone
– Pioglitazone – Diltiazem
– St John’s wort – Verapamil

• Anti-HIV agents
– Delavirdine
– Indinavir
– Ritonovir
– Saquinavir
– Nelfinavir

• Others
– Grapefruit juice
– Fluvoxamine
– Mifepristone
– Nefazodone
– Echinacea
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would in turn influence the metabolism of such drugs. Hepatic clearance for restrictively
metabolized drugs that have low protein binding would be less affected by changes
in protein binding. If the drug is not highly bound, the hepatic clearance after drug
administration depends primarily on the hepatic intrinsic clearance of unbound drug,
regardless of the route of administration. Conversely, hepatic clearance is significantly
increased in highly protein-bound drugs, which are restrictively metabolized when they
are displaced from their protein binding sites. Hepatic clearance then depends on the
extent of protein binding and the intrinsic clearance of the unbound drug. However,
free drug concentrations at steady state will remain unchanged if there is no change in
hepatic intrinsic clearance. As drug effects are related to their unbound concentrations,
patients are at toxicity risk for only a brief period in pure displacement-type drug inter-
actions and dose adjustments are not needed. Although alterations in protein binding
would change total drug concentrations, unbound drug concentrations should remain
constant if hepatic clearance of unbound drug is unchanged. Drug levels should be mea-
sured as unbound concentrations, rather than as total concentrations, in order to avoid
inappropriate dose adjustments or increases in the clinical setting. If unbound drug
concentrations remain unchanged, dosage adjustment may not be warranted. Hepatic
disease and drug interactions that affect drug-metabolizing enzymes (e.g., by inhibi-
tion or induction) would alter the intrinsic clearance of restrictively eliminated drugs.
Dosage adjustments for low extraction ratio drugs administered either intravenously or
orally would be necessary only when hepatic disease or drug interactions alter the hep-
atic intrinsic clearance of unbound drug. Expectedly, changes in liver blood flow are
not expected to significantly affect total or unbound concentrations of a low extraction
drug. The hepatic clearance of these compounds is not rate limited by liver blood flow.

Conversely, hepatic clearance is nonrestrictive in drugs that have high extraction
ratios (EH > 0.7). As the liver can extract these drugs as rapidly as they are presented
to the organ, hepatic clearance is rate limited by liver blood flow. These drugs (e.g.,
propranolol) that are efficiently extracted by the liver have short elimination-phase
half-lives and are thus sensitive to changes in hepatic blood flow, which has a major
effect on their hepatic clearance. Intravenous administration of drugs with high extrac-
tion ratios may require dosage adjustments when disease or drug-induced alterations
in hepatic blood flow occur. Alterations in protein binding will not change total hep-
atic clearance for drugs that exhibit a high extraction ratio, but they rather change
the hepatic clearance of unbound drug and alter unbound drug concentrations. Dosage
adjustment may be necessary to maintain the same unbound drug concentrations, even
though total drug concentrations remain constant. As mentioned previously, drug lev-
els in the clinical setting should be measured as unbound concentrations rather than as
total concentrations, and dose adjustments should be made based on unbound concen-
trations. Changes in the hepatic intrinsic clearance of unbound drug do not alter total or
unbound concentrations of a high extraction ratio drug significantly after intravenous
administration because their hepatic clearance is rate limited by liver blood flow. Orally
administered nonrestrictively metabolized drugs have extensive first-pass metabolism,
which reduces their bioavailability, where only a small fraction of the absorbed dose
reaches the systemic circulation (e.g., propranolol). Theoretically, a small change in
the first pass of efficiently extracted drugs may alter systemic bioavailability markedly.
In general, oral doses of such drugs do not need adjustments in response to changes
in hepatic blood flow.
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Differential effects of reduced liver blood flow and decreased enzyme activity make
it theoretically possible for the elimination of one drug to be abnormal, while another
drug is handled virtually normally in liver disease.

The activity of several drug-metabolizing enzymes (e.g., cytochrome P450, N-
acetyltransferase, thiopurine methyltransferase) is influenced by genetic polymorphisms
or mutations, which may result in more rapid or slower drug metabolism than the
average population. For details on the genetic influence on drug metabolism and dis-
position, refer to the chapter titled Clinical Implications of CYP Induction-Mediated
Drug–Drug Interactions in this encyclopedia.

9.2.4 Bile Formation and Biliary Excretion

Hepatocytes secrete bile at a constant rate into the bile canaliculi, which drain into the
interlobular bile ducts. Few drugs are excreted, unchanged, into bile. Bile excretion
requires the substance to (i) cross the hepatic sinusoidal endothelium and (ii) cross
both the luminal and canalicular membrane surfaces of the hepatocyte (Fig. 9.2). Effi-
cacy of the active transport mechanisms that are required for passage across these two
hepatocyte membrane surfaces is determined by the chemical structure, polarity, and
molecular weight of the substance. Bile, an aqueous solution, favors excretion of more
water-soluble polar compounds [8]. Larger polar compounds with a molecular weight
of 500–600 Da are excreted in bile, whereas smaller compounds with a lower molec-
ular weight are eliminated by the kidneys. Compounds that enhance bile production
would stimulate the excretion of drugs eliminated by this route, while compounds that
inhibit bile flow or production will decrease the excretion of such drugs [9]. Orally
administered drugs can be extracted by the liver and excreted into bile to a greater
degree than with intravenous administration. Interlobular bile ducts join together to
form progressively larger ducts, the right and left hepatic ducts and, eventually, the
common hepatic duct. The common hepatic duct and the cystic duct from the gallblad-
der form the common bile duct, which delivers bile to the duodenum. Drugs that are
excreted via bile enter this enterohepatic circulation where they are excreted into the
small intestine and are reabsorbed back into the portal system either as the parent drug
or as its metabolite [8]. As the intestinal mucosa also possesses metabolizing enzymes,
the compound that is excreted into bile may or may not be the same as that reabsorbed
via the enterohepatic circulation. In other words, a drug’s metabolite or conjugate may
be excreted into bile but should be hydrolyzed or converted by gut enzymes before
systemic reabsorption. This increases a drug’s bioavailability and prolongs its elimi-
nation phase (e.g., ursodeoxycholic acid, benzodiazepines, digoxin). The enterohepatic
circulation also increases the total exposure of the gut mucosa to drugs with potential
gastrointestinal toxicity (e.g., NSAIDs).

9.2.5 Physiological Changes in Hepatic Drug Metabolism

9.2.5.1 The Young. Fetal and newborn livers generally have reduced xenobiotic
metabolism capacity, even though detectable smooth endoplasmic reticulum and
monooxygenase activity have been found as early as the week 6 of gestation [10–13].
Multiple studies have been performed to evaluate P450 content of the liver, but there
have been no direct studies evaluating the effects of hepatic blood flow on infants.
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Although cytochrome P450 enzymes have been isolated from fetal liver [14], antibody
[15–17] and mRNA [18] analyses confirm that is lacks most adult forms of P450.
CYP3A7, and to a lesser extent, CYP1A1 predominate in fetal liver but are mostly
absent in adult liver [19,20]. Other phase I enzymes present in fetal liver include
flavin-containing monooxygenases that increase rapidly during fetal development
[21]. Human fetal liver also has phase II GSH transferase activity [22,23], which is
present mainly as an acidic isoform that declines with fetal development and is only
weakly expressed at birth. The adult enzyme exists in several basic forms instead
[24]. However, a rapid turnover results in low GSH levels in the fetal liver [25].

Newborns have ∼30% of the adult levels of cytochrome P450. The activities of
these enzymes rise two to three times over adult levels the first month after birth and
remain high for several years [11,12]. Although there is interindividual and interenzyme
variability in the development of hepatic enzymes, they approach at least adult levels by
the first year of life. The capacity to metabolize CYP3A4 substrates is reduced below
the age of 15 years, and this is especially pronounced in infants below 3 months of age
[26]. Flavin-containing monooxygenases are present in the neonatal liver, mainly in the
form of FMO1 and, to a lesser extent, FMO4, unlike adult human liver that contains the
forms FMO3, FMO4, and FMO5 [27]. The capacity of some phase II reactions is also
lower at birth. For example, delayed development of glucuronyl transferase may play a
role in the pathogenesis of physiological neonatal jaundice [28,29]. Acetaminophen is
predominantly cleared by glucuronidation in adults but instead by sulfation in neonates
and young children.

Ontogeny and drug metabolism in the young are covered in greater detail in the
chapters titled Idiosyncratic Drug Reactions and Drug Metabolism and Interactions
in Pediatric Patients in this encyclopedia.

9.2.5.2 The Elderly. Elderly patients are also more likely to be on polypharmacy,
increasing their risk of drug–drug interactions or drug–enzyme interactions.

The plasma half-lives of drugs are generally increased in old age [30]. Possible
explanations include changes in the volume of distribution, decreased hepatic blood
flow, decreased rates of drug metabolism, and decreased renal clearance [30]. The
result of this decrease in drug biotransformation is decreased metabolic clearance and
increased exposure of the individual to the drug at a given dose. This may predispose
the elderly to medication toxicity and even hepatotoxicity with hepatotoxins.

Phase I biotransformations catalyzed by CYP3A in the elderly have most consis-
tently been shown to be decreased, by up to 40%. Prototype CYP3A substrates that
exemplify this are midazolam and triazolam [31,32]. Hence, older patients treated with
a given dose of triazolam will experience increased sedative effects [33]. It is unknown
if CYP3A activity in the gastrointestinal mucosa is affected by aging as well [34].
However, some studies of human tissue have not demonstrated age-related reductions
in the levels of NADPH P450 reductase, cytochrome P450 isoforms 3A2 and 2 C8,
or glutathione [35,36], suggesting that P450 declines with age may be restricted to
only certain forms. A decline in P450 forms 1A2 and 2 C with advancing age has
been reported in humans, regardless of gender [37]. Modest decreases in clearance
of warfarin (CYP2C9), phenytoin (CYP2C19), theophylline (CYP1A2), and caffeine
(CYP1A2) have been reported in older individuals [38–41].

Age does not affect the frequency of genetic polymorphism in hepatic enzymes.
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Enzyme induction is generally considered to be normal in the elderly [30]. However,
the enzyme induction by rifampicin and cigarette smoking that is seen in younger adults
is not seen in the elderly. This suggests that enzyme induction may be impaired in the
elderly, although this has not been a consistent finding.

Age has not been shown to alter phase II biotransformations. Prototype substrates
studied include lorazepam (glucuronidation), oxazepam (glucuronidation), isoniazid
(acetylation), procainamide (acetylation), and acetaminophen (sulfation) [42].

9.2.5.3 Nutritional Status. Nutritional deficiencies [43] and severe malnutrition can
have major effects on drug metabolism [44]. Short fasting periods of up to seven days
have not been shown to affect the metabolic clearance of most drugs [45]. However,
theophylline clearance, which is dependent on CYP1A2, is reduced by a protein-
deficient diet [43]. Another exception is glutathione S-transferase reactions that may
be decreased with fasting, as demonstrated in rat studies [46] and human subjects
with anorexia nervosa [47]. Malnutrition is also known to deplete glutathione stores
and this may have important clinical implications. For example, such patients would
be at greater risk of acetaminophen hepatotoxicity from metabolism via the CYP2E1
pathway, forming the toxic metabolite N-acetyl-p-benzoquinoneimine.

9.2.5.4 Pregnancy. Hormonal changes during pregnancy involve marked increases
in a woman’s estradiol and progesterone levels [48–50]. These changes can affect
hepatic enzymatic activity and, consequently, drug elimination clearance.

Some phase I (i.e., CYP1A2) and II activities (i.e., N-acetyltransferase) have been
found to be reduced in late pregnancy [51,52]. Caffeine elimination via CYP1A2
is decreased by half by midgestation and by three times by the third trimester as
compared to the postpartum period [53]. Intrinsic hepatic clearance of theophylline via
CYP1A2 is also reduced during pregnancy. However, its associated decrease in drug
binding to plasma proteins during pregnancy results in less of a change in its hepatic
clearance [54]. Furthermore, as a result of the changes in both the renal and hepatic
clearance, the total elimination clearance of theophylline is unchanged in the third
trimester of pregnancy. A population-based study has demonstrated that CYP2C19-
dependent clearance of proguanil (an antimalarial) decreased by 50% [55]. The ratio
of proguanil to cycloguanil (active metabolite of proguanil) is increased by as much
as 60% during pregnancy due to this decreased metabolism [56]. Phase II caffeine
metabolism via N-acetyltransferase has been demonstrated to decrease with pregnancy,
as compared to the normal healthy nonpregnant state [52,57].

In contrast, other forms of P450 (i.e., CYP3A4, CYP2D6) may be induced [58,59].
Both estradiol and progestins have been found to activate the human orphan nuclear
pregnane X receptor (PXR), which forms a heterodimer complex with the 9-cis-retinoic
acid receptor (RXR). This heterodimer complex binds to the promoter region of the
CYP3A4 gene and mediates its transcription [60,61]. The hepatic clearance of pheny-
toin (via CYP2C9) increases during pregnancy, resulting in correspondingly lower total
plasma concentrations [62]. Decreased drug protein binding results in constant free
plasma concentrations of phenytoin until late pregnancy when its intrinsic clearance
increases [63,64]. Multiple studies have confirmed that CYP3A4 activity increases in
pregnancy. Midazolam is exclusively eliminated by CYP3A4 metabolism [65,66] and
is a recognized marker of CYP3A4 activity [67,68]. At term, the clearance of mida-
zolam has been shown to be 2.9-fold greater in pregnant women [69]. The metabolic
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clearances of cortisol [70], nifedipine [71], extended-release metronidazole [72], and
methadone [73], all CYP3A4 substrates, have also been shown to be increased during
pregnancy.

Lamotrigine (metabolized by glucuronidation) clearance has been shown to
increase by >50% in pregnancy, necessitating dose adjustment [74]. Betamethasone
(metabolized by glucuronidation) clearance has also been shown to be increased in
pregnancy, and this increase has been demonstrated to be greater in twin than in
singleton gestations [75].

CYP2D6 isoforms may be increased or decreased in pregnancy. CYP2D6 activity
is increased during pregnancy in individuals who are homozygous and heterozygous
extensive metabolizers. However, enzyme activity is decreased in homozygous poor
metabolizers [76].

Serum concentration of some proteins (though not all) are altered during preg-
nancy. There is a decrease in albumin concentration, which is likely due to reduced
albumin synthesis or increased albumin clearance. The reduction in albumin concentra-
tion can potentially alter the binding of drugs (e.g., theophylline) commonly bound to
serum albumin, whereas total protein and α1-acid glycoprotein concentrations remain
unchanged in pregnancy [77,78].

After delivery, pharmacokinetic values return to near normal values within days to
weeks for most drugs.

Further details on metabolism and drug–drug interactions in pregnancy are covered
in the chapter titled Influence of Changes in Physiology, Transporters, and Enzyme
Expression on Disposition and Metabolism of Drugs during Pregnancy and Clinical
Implications in this encyclopedia.

9.3 LIVER DISEASE AND DRUG METABOLISM

The liver is vulnerable to a wide variety of insults, but the repertoire of its response
to injury is limited. Regardless of cause, five general responses are seen: hepatocyte
degeneration, necrosis or apoptosis, inflammation, regeneration, and fibrosis. Likewise,
the functional consequences of liver disease on drug disposition are determined by the
extent of the injury, as opposed to its etiology. Although the liver’s enormous functional
reserve can mask the clinical impact of early liver damage, liver disease can ultimately
produce multiple pathological consequences.

Liver diseases may alter drug absorption, disposition, and pharmacology. Drug dos-
ing in patients with liver disease requires the consideration of the nature and severity
of the liver disease, hemodynamic factors, and the drug’s pharmacokinetics. Predicting
drug metabolism in patients with liver disease is challenging for a number of reasons.
First, there is no test available that can correlate changes in drug metabolism with
the degree of hepatic impairment. Second, pharmacokinetic or pharmacodynamic con-
sequences of a particular disease may exhibit interindividual or even intraindividual
variability. Third, various hepatic factors that influence drug metabolism may be inde-
pendently or even codependently altered in liver disease. Thus, no universal rule can
be applied to the modification of drug dosages in patients with liver disease. This is
why it can be difficult to ascertain whether certain drugs in clinical trials have inherent
hepatotoxicity and why this is discovered after some drugs have come into the market.

Biochemical “liver function” tests, which are routinely employed in the clinical set-
ting, are surrogate markers of specific hepatic functions (e.g., serum albumin reflects
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protein synthesis) or of pathologic conditions (e.g., serum aminotransferase elevation
reflects hepatocyte damage). These tests indicate the potential for qualitative phar-
macokinetic changes, although they lack sufficient discrimination to be consistent
predictors of impaired drug metabolism [79].

9.3.1 Parenchymal Disease

The etiology of acute hepatitis is myriad, ranging from viruses to hepatotoxins to
autoimmune or metabolic causes. The plasma half-lives of many drugs are prolonged
in patients with parenchymal liver disease [80] as a result of reduced hepatic drug
metabolism, which may be due to various causes apart from altered enzyme activity
alone. For example, decreased availability of NADPH may be caused by altered cellular
energy metabolism, cholestasis, altered hepatic blood flow, loss of hepatocyte volume,
and so on. Directly assaying enzyme activity from biopsy specimens may help in
identifying the primary contributing factors [81]. Studies have found the concentration
levels of P450 in moderate degrees of hepatitis and compensated cirrhosis to be normal
[82].

Studies of adult patients with acute hepatitis indicate that the changes in drug dispo-
sition are variable and related to the extent of damage incurred. Mild disease may have
no alterations, while severe disease may have significant alterations in drug disposition.

In acute viral hepatitis, drug elimination is usually normal or only modestly impaired.
Observed changes tend to be variable and related to the extent of hepatocellular damage
incurred [83]. If the acute episode of hepatitis is short-lived, drug disposition can return
to normal. As the acute disease resolves, drug disposition returns to normal and may
do so before normalization of the biochemical liver function tests [84].

In acute drug-induced liver injury, however, altered drug metabolism can precipitate
further injury as the elimination of other potentially toxic compounds is impaired. For
example, the elimination phase of acetaminophen is significantly prolonged in patients
with hepatotoxicity (mean, 5.8 h; range, 4.3–7.7 h) and in patients with hepatorenal tox-
icity (mean, 7.7 h; range, 4.3–13.9 h), as compared to patients without evidence of liver
impairment (mean, 2.7 h) [85]. Fatal outcome has been associated with acetaminophen
elimination half-lives of more than 10 h.

Chronic liver disease may be caused by chronic viral hepatitis, autoimmune or
metabolic causes, or chronic alcohol abuse. In alcoholic liver disease, fat accumu-
lation within the hepatocyte leads to steatosis and overall hepatomegaly. Although
cytochrome P450 content per weight tissue is decreased, drug metabolism is not
impaired in early disease as this is compensated for by the increased liver size [86].
A study conducted in liver grafts discarded for transplantation because of >40%
macrosteatosis demonstrated a reduction in microsomal P450 activities [87]. In chronic
viral hepatitis, drug elimination may be impaired, although this usually occurs much
later in the disease [88]. Patients with chronic viral hepatitis may also have extra-
hepatic involvement of disease, including glomerulonephritis with renal impairment
[89–91]. In this case, drugs that depend on the kidneys for elimination will have a
prolonged elimination half-life, increasing the body’s exposure to the drug. Such drugs
(e.g., nucleos[t]ide analogs used for chronic hepatitis B treatment) will need to be dose
adjusted to the appropriate renal function.

Induction of P450 enzymes may be affected by liver disease. However, in mild
hepatic disease and inactive cirrhosis, normal induction of P450 by drugs such as
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phenobarbital, phenytoin, and glutethimide has been observed. Overall, changes in
drug disposition tend to be less in acute hepatitis than in chronic liver disease [92].

9.3.2 Alcohol and Drug Metabolism

Chronic alcoholism is a common cause of liver disease, which may lead to abnor-
mal drug disposition. Alcohol may alter drug absorption by changing its solubility,
increasing intestinal blood flow, inhibiting gastric emptying, producing conformational
changes in intestinal membranes, and affecting drug-metabolizing enzymes in the liver.
In general, acute alcohol ingestion depresses, while chronic alcohol ingestion enhances,
the rate of drug metabolism. The potential for pharmacokinetic drug interactions with
alcohol is great because the same cytochrome P450 enzymes also metabolize many
other drugs.

9.3.2.1 Acute Alcohol Ingestion. Acute alcohol ingestion may inhibit the activity
of drug-metabolizing enzymes through different mechanisms.

First, alcohol may compete with the drug for the same microsomal system required
for metabolism [93]. Drugs and alcohol may share a similar microsomal ethanol-
oxidizing system. Acute alcohol ingestion inhibits this system, whereas chronic alcohol
ingestion increases it [94,95]. Alcohol also inhibits cytochrome P450 reductase, a rate-
limiting step in the oxidative biotransformation of drugs [96]. The breakdown and
excretion of affected drugs are delayed because the drug must compete with alco-
hol for breakdown by cytochrome P450. This interaction has been described mostly
for CYP2E1, but it may also involve CYP3A4 and CYP1A2 [97]. Second, alcohol
may inhibit drug metabolism by competing with or displacing the other compound
from its cytochrome P450 binding site [98], or indirectly decreases the availability
of NADPH by inhibiting the citric acid cycle [99]. Third, alcohol induces the release
of corticosterone that may also serve as an alternative substrate for the microsomal
enzyme system, resulting in indirect inhibition of the drug-metabolizing system [100].
Fourth, alcohol may disturb the lipid bilayer membrane of the drug-metabolizing sys-
tem, increasing the fluidity of hepatic microsomal membranes, causing a conformational
change in the enzyme [101–103].

Alcohol also has an influence on phase II reactions. Acute alcohol ingestion impairs
glucuronidation [104–107]. Intracellular nicotinamide adenine dinucleotide (NAD+)
and reduced NAD+ (NADH) are needed for the function of many enzymes. Oxidative
alcohol metabolism by alcohol dehydrogenase results in the conversion of NAD+
into NADH, increasing the hepatocyte’s NADH levels. Elevated NADH levels may
stimulate steatosis and prevent the liver from generating UDP-glucuronic acid for
conjugation. Heavy alcohol consumption reduces the amount of glutathione in liver
cells, particularly in the mitochondria. Acute alcohol ingestion enhances acetylation by
20% [108].

9.3.2.2 Chronic Alcohol Ingestion. Chronic alcohol ingestion increases both micro-
somal mass [109] and activity of the monooxygenase system [110–113]. When alcohol
is not present to simultaneously compete for the cytochromes, increased cytochrome
activity results in an increased elimination rate for drugs metabolized by these enzymes.
This may predispose a chronic alcoholic with acetaminophen overdose to hepatotoxicity
via the formation of N-acetyl-p-benzoquinoneimine by the CYP2E1 pathway.
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Chronic alcohol ingestion induces glucuronyl transferase [114] and its action of
glucuronidation. The effect of chronic alcohol ingestion on acetylation has not been
evaluated.

9.3.2.3 Pharmacodynamic Effects with Alcohol. The concomitant acute ingestion
of ethanol and other agents with sedative action may result in greater psychomotor
impairment than that produced by each agent independently. First, the more profound
effect may simply reflect the combined action of both sedative drugs on the cen-
tral nervous system. Second, the sedative compound may itself alter the metabolism
of ethanol. For instance, chloral hydrate, which is metabolized to trichlorethanol by
alcohol dehydrogenase, vies with ethanol for the same pathway and results in higher
plasma concentrations of ethanol [115–117]. However, a number of other sedatives
[118], including pentobarbital, meprobamate, and the benzodiazepines clobazam [119]
and clorazepate [120], do not disturb the metabolism of ethanol. Third, ethanol may
impair the degradation of other sedative compounds (e.g., lorazepam, diazepam).

9.3.2.4 Drug Disposition and Elimination with Alcohol
9.3.2.4.1 Benzodiazepines. Short-term alcohol ingestion diminishes the hepatic
clearance of a number of widely used benzodiazepines [121–123], without an effect
on drug binding or distribution. With impaired biotransformation of benzodiazepines,
more drug may reach the cerebral receptor sites, resulting in a greater sedative effect.
The effect of chronic alcohol ingestion on benzodiazepine metabolism is less well
established. After chronic ethanol intake and during subsequent ethanol withdrawal,
plasma concentrations on day 2 of withdrawal were higher than those on day 6 [124],
which suggests decreased (not increased) drug elimination. Sellman et al . [125]
showed that the plasma concentrations of diazepam after an oral dose were lower
than those in control; this implies decreased absorption or increased clearance.

9.3.2.4.2 Chloral Hydrate. Chloral hydrate shares a common metabolic pathway
with ethanol and is rapidly converted by alcohol dehydrogenase to trichlorethanol.
Acute ethanol ingestion results in significantly higher levels of trichlorethanol and
lower levels of its resultant glucuronide metabolite in the plasma and urine. In turn,
the conversion of ethanol to acetyladehyde is diminished and results in higher plasma
ethanol concentrations [115]. These result in the greater sedative effect seen following
combined alcohol and chloral hydrate administration.

9.3.3 Cholestatic Disease

Cholestasis may occur as a result of cellular transporter defects (such as mutations
of transporter genes or acquired dysfunction of transport systems) or from biliary
obstruction [126]. Bile salts not able to exit the hepatocyte in cholestasis are effec-
tively removed across the basolateral membrane [127]. Studies have demonstrated up
to 70% reduction of cytochrome P450 levels in liver biopsy specimens of subjects with
obstructive liver disease, correlating with altered antipyrine clearance [128]. CYP1A2
and 2E1 have specifically been found to be reduced in cholestatic disease [129,130].
The findings in the setting of extrahepatic cholestasis have been conflicting. The elimi-
nation of drugs that are excreted mainly via bile is decreased in any cause of cholestasis
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[9]. The bioavailability of such drugs is reduced due to the disruption of enterohepatic
cycling.

Furthermore, drugs such as cholestyramine (frequently used in patients with liver
disease such as primary biliary cirrhosis) that are bile sequestrants would interfere
with the pharmacokinetics of drugs that undergo significant enterohepatic circulation.
Conversely, the discontinuation of cholestyramine would potentiate drug toxicity (e.g.,
digitalis) if it had been titrated to a maintenance dose while the patient was tak-
ing cholestyramine. Cholestyramine also acts as an ion-exchange resin and reduces
the absorption of concomitant oral medication such as warfarin, thiazide diuretics,
propranolol, penicillin, phenobarbital, and digitalis.

9.3.4 Gilbert’s Syndrome

Gilbert’s syndrome is the most common inherited disorder of bilirubin glucuronidation.
It has also been called constitutional hepatic dysfunction or familial nonhemolytic
jaundice [131]. UGTs mediate the glucuronidation of various compounds. A mutation
in the promoter region of the gene encoding bilirubin-UGT that conjugates bilirubin
to glucuronic acid (UGT1A1) results in reduced production of bilirubin-UGT [132].
The inheritance of Gilbert’s syndrome is most similar to that of an autosomal recessive
trait.

As UGT1A1 is involved in the glucuronidation of estrogen, drugs, and carcinogens,
individuals with Gilbert’s syndrome may be more susceptible to the toxic effect of
substances (e.g., acetaminophen, tolbutamide) that require UGT1A1-mediated hepatic
glucuronidation before excretion [133,134]. Diminished drug excretion may cause their
accumulation and increase toxicity. However, consequences of clinical significance
have not been reported for most drugs. For example, intravenous, but not oral, adminis-
tration of acetaminophen demonstrated reduced glucuronidation of the drug in subjects
with Gilbert’s syndrome [133,135,136]. While, the anticytotoxic agent irinotecan is
glucuronidated in the liver mainly by bilirubin-UGT and excreted in bile. In subjects
with UGT1A1 polymorphisms (e.g., Gilbert’s and Crigler–Najjar syndrome), reduced
glucuronidation of its active metabolite results in increased toxicity (e.g., diarrhea,
severe neutropenia) [137–140].

Drugs that increase the hepatic uptake of bilirubin (e.g., corticosteroids), or hep-
atic enzyme inducers (e.g., phenobarbital, clofibrate), may reduce plasma bilirubin
concentrations in patients with Gilbert’s syndrome [141–144].

Unlike in Gilbert’s syndrome where a defect in the promoter region results in
reduced amounts of the normal protein produced, in Crigler–Najjar syndrome (autoso-
mal recessive inheritance), mutations in UGT1A1 gene itself result in abnormal protein
production, resulting in complete loss or severely low levels of UGT1A1 activity
[145]. Crigler–Najjar syndrome type I was first described in 1952 [146]. It is usually
diagnosed in infancy, and its clinical course is characterized by the development of pro-
gressive, permanent neurologic sequelae resembling kernicterus. Death usually occurs
in the first two years of life. Patients who survive longer often have severe neurologic
impairment [147,148]. Necropsy studies of such patients demonstrate massive biliru-
bin deposition in various organs, including the cerebral cortex and other structures of
the central nervous system, and neuronal loss [146,149]. Total plasma bilirubin levels
range from 15 to over 50 mg/dL. Type II disease is diagnosed later in childhood, and
patients may survive into adulthood without permanent neurological impairment.
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Further details and clinical relevance of the UGT enzymes are covered in the
chapters titled UDP-Glucuronosyltransferases: Pharmacogenetics, Functional Char-
acterization, and Clinical Relevance and Role and Clinical Consequences of Human
UDP-Glucuronosyltransferases in this encyclopedia.

9.4 CIRRHOSIS AND DRUG METABOLISM

Cirrhosis is the final common pathway for chronic liver disease. It is characterized
by the activation of fibroblasts and collagen deposition with nodular formation and
resultant portal hypertension as the disease progresses.

There are several tools to stage the severity of liver cirrhosis, the most commonly
used in clinical practice being the Child-Turcotte-Pugh (CTP) scoring [150,151], which
ranges from a minimum score of 5 to a maximum score of 15 (Table 9.2). The
Child-Pugh classification of disease severity is often used to make drug dosing rec-
ommendations for patients with cirrhosis [152]. However, it has several limitations,
including poorer discrimination in early cirrhosis, a maximum cutoff score which scores
all severe cirrhotic patients equally, and the fact that other factors apart from those
included in the CTP scoring system may help to stratify the degree of hepatic impair-
ment or its prognosis. The Model for End-Stage Liver Disease (MELD) [153] is a
validated chronic liver disease severity scoring system [154,155], which incorporates
the patient’s serum bilirubin, serum creatinine, and the international normalized ratio
for prothrombin time to predict survival. MELD has been modified slightly since its
original development, eliminating negative scores and disease etiology. An increasing
MELD score is associated with increasing severity of hepatic dysfunction and risk of
death [156]. This model is also currently used by the United Network for Organ Shar-
ing (UNOS) and in many transplant centers around the world in prioritizing allocation
of deceased donor organs for LT. Several online calculators are available for ease of
calculating the MELD score (e.g., http://www.mayoclinic.org/meld/mayomodel6.html.
Accessed 5 May, 2010).

Unfortunately, most clinical trials only enroll patients with mild or moderate liver
disease. Caution should be taken in extrapolating these findings to patients with liver
diseases of different etiology or degrees of severity. Unfortunately, there is little data

TABLE 9.2 Child-Turcotte-Pugh Scoring in Liver Cirrhosis

Parameters Points Assigned

1 2 3

Serum albumin (g/dL) >3.5 2.8–3.5 <2.8
Serum bilirubin (mg/dL) 1–2 2–3 <3
Prothrombin time (seconds above control) 1–4 4–10 >10
Ascites Absent Slight Moderate
Encephalopathy grade 0 1–2 3–4

Child-Turcotte-Pugh classification A (mild) B (moderate) C (severe)
Total number of points 5–6 7–9 >9

Source: Adapted from Pugh RN et al . [151]. Reprinted with permission. Copyright John Wiley and Sons
1973.
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available for patients with severe liver disease, in whom pharmacokinetic and pharma-
codynamic changes would be the most pronounced.

Cirrhosis affects drug metabolism more than any other form of liver disease by
various mechanisms, some of which are detailed below.

9.4.1 Vascular Architecture and Hepatic Blood Supply in Cirrhosis

Fibrosis is, generally, an irreversible consequence of hepatic damage. In the initial
stages, fibrosis may develop around portal tracts or central venules, or it may be
deposited directly within the space of Disse (Fig. 9.3). In the normal liver, interstitial
collagens (types I and III) are concentrated in the portal tracts and around the cen-
tral veins, while type IV collagen courses alongside the hepatocytes in the space of
Disse. The central pathogenic process in cirrhosis is progressive fibrosis. In cirrhosis,
types I and III collagen are deposited in the lobule, creating delicate or broad septal
tracts. Activated hepatic stellate cells, which lie in the space of Disse, transform into
myofibroblast-like cells and are the major source of excess collagen in cirrhosis. When
collagen is deposited in the hepatic sinusoids [86], it forms a basement membrane
devoid of microvilli along the sinusoidal surface of the hepatocyte. New vascular
channels in the septa connecting the portal veins with the central veins, the altered
sinusoidal membrane, and the collagen barrier between the hepatocyte and sinusoid
all result in functional shunting of blood past the hepatocyte. Intrahepatic shunting
thus results from intrahepatic vascular anastomoses that bypass hepatic sinusoids and
from the functional sinusoidal barrier caused by collagen deposition. This shunting
interferes significantly with the hepatic uptake of oxygen, plasma constituents, drugs,
and metabolites. Anatomic and functional intrahepatic shunting averages 25% of total
liver blood flow in normal subjects but is increased to 33% in patients with chronic
viral hepatitis and to 52% in cirrhotic patients [157].

The deposition of fibrous bands also disrupts the normal hepatic vascular archi-
tecture, increasing vascular resistance and portal venous pressure. Transformation of
stellate cells into myofibroblasts also increases vascular resistance within the liver
parenchyma by tonic contraction, which constricts the sinusoidal vascular channels.
The net outcome is a fibrotic, nodular liver in which delivery of blood to hepatocytes
is severely compromised.

When extreme amounts of fibrous tissue develop within the liver structure, it causes
destruction of the parenchymal cells and it eventually contracts around the blood ves-
sels, impeding the flow of portal blood through the liver. Portal venous flow that
accounts for 70% of the normal total liver blood flow is reduced [158], but in the
early stages, this decrease is compensated for by an increase in hepatic arterial supply
to maintain a normal hepatic blood supply despite chronic viral hepatitis or cirrhosis
[157]. This highlights the unique and important feature of the liver’s dual blood supply.
This increased resistance to portal flow at the level of the sinusoids and compression
of the central veins by perivenular fibrosis and expansile parenchymal nodules result
in the portal hypertension of cirrhosis. Anastomoses between the arterial and portal
systems in the fibrous bands also contribute to portal hypertension by imposing arterial
pressure on the low pressure portal venous system [5]. The increased portal pressure
results in the compensatory formation of portosystemic shunts. Common sites of por-
tosystemic collaterals include, but are not limited to, the gastroesophageal junction,
splenic hilum, and umbilicus. In a study of cirrhotic patients with bleeding esophageal
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varices, an average of 70% of mesenteric and 95% of splenic blood flow was found
to be diverted through extrahepatic shunts [159]. Portocaval shunting can impair the
efficiency of hepatic extraction and reduce the extraction ratio of drugs.

9.4.2 First Pass and Bioavailability in Cirrhosis

The bioavailability of orally administered high extraction drugs in patients with cirrho-
sis may be increased significantly because of a decreased first-pass effect, especially
in patients who exhibit significant portosystemic shunting with decreased intrinsic
clearance [160]. Oral dosing of high extraction drugs will result in high plasma concen-
trations. Coupled with abnormal clearance from hepatic dysfunction, this may produce
prolonged pharmacologic effects with potential toxic consequences. This may be dan-
gerous, especially for drugs with a low therapeutic index. Propranolol [161,162],
labetalol [163], lidocaine [164], salicylamide [165], meperidine [166], pentazocine
[165,166], and nicardipine [160] are examples of drugs having markedly increased
bioavailabilities when administered to cirrhotic patients.

The clearance of highly extracted drugs is more greatly affected in patients having
a high degree of portosystemic shunting, whereas low extraction drugs are more sen-
sitive to changes in intrinsic clearance [80,167]. As hepatic blood flow and perfusion
are reduced in patients with advanced cirrhosis, hepatic clearance is reduced and the
bioavailability is increased for highly extracted drugs to the extent that it no longer
approximates hepatic blood flow but is influenced by hepatic intrinsic clearance instead
[168]. This increased bioavailability, which is accompanied by decreased elimination
for some drugs (e.g., propranolol [161,162]), further increases the body’s exposure
to the drug. Hence, portosystemic shunting and hepatocellular damage significantly
increase the bioavailability of drugs that would normally have an extensive first pass.
The clearance of high extraction drugs is more consistently decreased in chronic liver
disease than that of low extraction drugs [167]. Portocaval shunting has less impact
on drug bioavailability of restrictively metabolized drugs that have minimal first-pass
metabolism even in normal subjects.

9.4.3 Protein Binding and Volume of Distribution in Cirrhosis

Cirrhotic patients have a hypoproteinemic and hypoalbuminemic state that may reduce
drug binding to plasma proteins [169]. Also, bilirubin and bile acids accumulate in
cirrhosis and may displace drugs from their protein binding sites. The volume of drugs,
especially those that are highly protein bound (>90%), may be increased in patients
with chronic liver disease who exhibit hypoalbuminemia or ascites [80,170,171].

For restrictively metabolized drugs, hepatic clearance is increased with reduced
protein binding. The effect of hepatic clearance or metabolism of a drug in cirrhosis
depends on the net result of changes for various factors. For example, liver disease
may decrease the intrinsic clearance of drugs with low intrinsic clearance, which are
highly protein bound, yet increase the fraction of unbound drug by reducing protein
binding. However, unbound drug concentrations will not be affected by decreases in
the protein binding of restrictively metabolized drugs. Therefore, no dosage alterations
are required for these drugs if protein binding is the only parameter that is unchanged.
Liver disease generally produces no change in warfarin clearance, decreases diazepam
clearance, and increases tolbutamide clearance.
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Conversely, for nonrestrictively metabolized drugs, reduced protein binding does
not affect the clearance or total plasma concentration, but will increase the drug’s
free concentration. This potentially increases the pharmacological effects observed at a
given total drug concentration [169]. For such drugs, reduced protein binding increases
their distribution volume and, hence, their elimination-phase half-life and the time
required to reach steady state. For example, cirrhosis reduces verapamil clearance by
50% yet increases the drug’s volume of distribution, resulting in a significant increase
in its half-life (from 3.7 to 14.2 h) [172]. This extends both the time to reach steady state
and the time to eliminate the drug from 12 to 45 h. Such alterations in pharmacokinetics
have also been described with lorazepam [173] and chloramphenicol [174] in cirrhotic
patients. Therefore, in nonrestrictively metabolized drugs, a reduction in plasma protein
binding necessitates a corresponding reduction in drug dosage.

9.4.4 Hepatic Enzymes in Cirrhosis

As cirrhosis progresses, extensive fibrosis causes a reduction in liver size, resulting
in a marked reduction of total P450 concentrations [82,175,176]. This limits and
decreases drug metabolism and hepatic clearance of most drugs. However, not all
P450 activities are decreased uniformly in severe liver disease; for example, ethyl-
morphine demethylase activity is unaltered [177,178]. In the cirrhotic liver, the levels
of CYP isoforms 1A2, 2E1, and 3A4 are reduced [130,179]. The clearance of S-
mephenytoin, a CYP2C19 probe, was shown to be decreased by 63% in patients with
mild cirrhosis and by 96% in patients with moderate cirrhosis, whereas debrisoquine
clearance (CYP2D6 probe) was normal [180]. Although CYP2C activity is barely
altered with hepatocellular disease, it has been shown to be markedly reduced in
patients with cirrhosis due to cholestatic disease [130]. Commonly used drugs which
may have altered metabolism in this setting include theophylline (CYP1A2), alcohol
(CYP2E1), acetaminophen (CYP2E1), calcineurin inhibitors (CYP3A4), HMG-CoA
reductase inhibitors (CYP3A4), and warfarin (CYP2C9). NADPH-cytochrome P450
reductase activity is normal even in severe liver disease [130].

However, P450 levels do not always correlate well with half-lives for the clear-
ance of some drugs [177] and some commonly used drugs in cirrhotic patients should
have their doses reduced by half (Table 9.3). Most of these drugs have high first-pass
metabolism, which is markedly reduced with impaired liver function. Decreased elim-
ination half-lives further increase drug exposure to standard doses. Active metabolite
formation also complicates drug response and dose adjustments. For example, losartan
has an active metabolite that is primarily responsible for the extent and duration of its
pharmacological effects [181]. Standard doses of losartan in cirrhotic patients increase
plasma concentrations of the parent drug by four to five times but increase the plasma
concentration of its active metabolite by only 1.5–2 times [182,183].

Generally, the clearance of drugs that undergo only conjugation is not altered
significantly in patients with severe liver disease, but this remains controversial
[184,185]. Analysis of human liver biopsy specimens reveals minimal change in
bilirubin-glucuronidating capacity in hepatitis or cirrhosis [186–188]. Although there
is evidence that this pathway is compromised in severe liver disease [189], increased
enzyme activity in remaining viable hepatocytes preserves overall glucuronidating
capacity in cirrhotic patients [190]. Hence, drugs that only undergo glucuronidation
for elimination (e.g., oxazepam and lorazepam) are unaffected by liver disease
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TABLE 9.3 Common Drugs with Reduced Clearance in Cirrhotic Patients

β-Blockers Anesthetics/sedatives
• Propranolol • Diazepam
• Metoprolol • Hexobarbital

Calcium channel blockers • Chlordiazepoxide
• Verapamil • Lidocaine
• Nifedipine • Encainide

Antibiotics • Morphine
• Chloramphenicol • Tocainide
• Erythromycin • Pentazocine

• Meperidine
Others

• Acetaminophen
• Caffeine/Theophylline
• Omeprazole
• Losartan
• Antipyrine

Source: Adapted from Susla GM, Atkinson Jr AJ. Effect of liver disease on pharmacoki-
netics. In: Atkinson Jr AJ, Abernethy DR, Daniels CE, et al ., editors. Principles of clinical
pharmacology. 2nd ed. MA: Academic Press, Elsevier; Copyright Elsevier 2007 & Brouwer
KLR, Dukes GE, Powell JR [79]. Copyright Lippincott, Williams & Wilkins 1992.

[173,191,192]. However, studies have described well-preserved glucuronide conju-
gation of morphine in patients with compensated cirrhosis but a 59% reduction in
decompensated cirrhotic patients with a history of hepatic encephalopathy [193,194].

9.4.5 Renal Impairment in Cirrhosis

Renal impairment is often underrecognized in the setting of cirrhosis. The fluid status
in the clinical setting of cirrhosis is notoriously difficult to assess. Portal hypertension
results in ascites and peripheral edema, akin to a hypervolemic state. However, this
results in intravascular fluid depletion, resulting in an intravascular hypovolemic state
instead. Elevated intra-abdominal pressure, as seen in ascitic patients, may influence
central venous pressure measurements [195], which have also been shown to be of
little value in assessing fluid responsiveness in critically ill patients [196–198]. Serum
creatinine, which is the most commonly used marker of kidney injury, has diagnos-
tic limitations. It lags behind renal injury and is a delayed marker of decreased renal
function [199], it may be normal or only minimally elevated because of renal reserve
or enhanced tubular secretion [200,201], and it is unable to distinguish between the
various causes of kidney injury. It is also influenced by several nonrenal factors such as
gender, age, race, body weight, drugs, muscle metabolism, and protein intake [200]. In
the cirrhotic patient with low muscle mass, serum creatinine levels may be falsely low.
Laboratories using the chemical (instead of enzymatic) method to measure serum crea-
tinine levels result in falsely low readings in the presence of severe hyperbilirubinemia
[202].

Cirrhotic patients are at risk of developing significant kidney injury for a number
of reasons, including, but not limited to, prerenal azotemia and acute tubular necro-
sis from septicemia [203]. The hepatorenal syndrome occurs when vasodilatation of
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the splanchnic circulation results in a relative “hypovolemic” state that activates pres-
sor responses and causes marked vasoconstriction of the renal circulation [204]. This
reduces renal perfusion and glomerular filtration rate significantly in these patients.
The functional nature of this syndrome is reflected by its reversal following successful
LT and the absence of significant renal damage on histology. The risk of developing
hepatorenal syndrome in cirrhotic patients with ascites is 18% in one year and 39% in
five years [205]. Drug metabolism is altered in such patients as the elimination-phase
half-life would be prolonged for drugs excreted primarily by the kidneys [206–208].
Hence, drug dosages need to be adjusted correspondingly.

Cirrhotic patients may also be at increased risk of developing acute renal failure
with potentially nephrotoxic drugs [209] (i.e., aminoglycosides and nonsteroidal anti-
inflammatory drugs). The use of nephrotoxic drugs should be avoided or, at the very
least, appropriately dose adjusted in cirrhotic patients.

9.4.6 Drug Response in Cirrhosis

Altered physiology in the state of cirrhosis may cause the body to respond differently
to standard doses of drugs. Unfortunately, little is known about the pharmacodynamics
of drugs in patients with hepatic dysfunction.

For example, standard doses of sedatives are known to precipitate hepatic
encephalopathy in the cirrhotic patient. Studies have demonstrated both impaired drug
metabolism and increased γ-aminobutyric acid-mediated inhibitory neurotransmission
in hepatic encephalopathy, providing the basis for brain hypersensitivity and this
exaggerated response to sedatives [210,211]. Encephalopathy has also been found
to reverse with the administration of flumazenil, a benzodiazepine antagonist [211].
Central nervous system sensitivity is also increased with morphine [194,212],
chlorpromazine, diazepam, and other sedatives, analgesics, and tranquilizers
[210,213–215].

An empirical and cautious approach to medication use in liver patients should be
guided by the clinical response and side effects and in some cases, plasma drug mon-
itoring is recommended. As an initial dosing guideline, the dose of drugs eliminated
by oxidative metabolism should be halved. In hepatic decompensation (e.g., ascites,
encephalopathy), even lower doses may be used. Dose adjustments should be made
based on therapeutic response or adverse effects. Drugs that are extensively metabo-
lized before reaching the systemic circulation may be completely absorbed as parent
drug in cirrhotic patients. Similarly, the first-pass effect may not exist in patients with
a portocaval shunt [79].

More studies are required to evaluate the effects of liver disease on the pharma-
cokinetics and pharmacodynamic effects of drugs, especially those likely to be used in
patients with hepatic dysfunction.

9.4.7 Anesthesia in Cirrhosis

Apart from increased perioperative risks arising from the hyperdynamic circulatory,
altered fluid and coagulopathic status of the patient, the cirrhotic liver is also partic-
ularly susceptible to the effects of anesthetic drugs administered. Patients with liver
disease may have altered drug pharmacokinetics because of increased volume of distri-
bution, decreased cytochrome P450 enzyme metabolism, decreased serum drug binding
due to low protein/albumin levels, and sometimes decreased biliary drug excretion.
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The autoregulation of blood and oxygen supply to the liver between the portal
vein and hepatic artery can also be disrupted by hepatic disease or volatile anesthetic
agents. Halothane and enflurane decrease both portal venous and hepatic arterial flow
as a result of systemic vasodilatation and a slightly negative inotropic effect [216–219].
Isoflurane, desflurane, and sevoflurane increase hepatic artery flow but decrease portal
venous flow [220], making them the preferred anesthetic agents in patients with liver
disease [221]. Isoflurane, desflurane, and sevoflurane undergo less hepatic metabolism
(0.2% of isofluorane) than either halothane (20%) or enflurane (2–4%) and have a
lower risk of drug-induced hepatitis [216,222,223]. Halothane hepatitis may involve
immune sensitization to trifluoroacetylated proteins formed by CYP2E1 metabolism of
halothane in genetically predisposed individuals [222]. Its metabolism can be inhibited
by prior administration of disulfiram.

The actions of neuromuscular blocking agents (e.g., mivacurium) may be prolonged
in patients with liver disease because of reduced plasma pseudocholinesterase activ-
ity, decreased biliary excretion, and an increase in the volume of distribution [224].
Atracurium and cisatracurium are metabolized independent of the liver, making them
the preferred agents in patients with liver disease or biliary obstruction [221]. The
long-acting doxacurium can be used for prolonged surgical procedures including LT
[225]. Other neuromuscular blocking agents such as vecuronium and rocuronium are
degraded by the hepatic system exclusively [226].

Because of reduced hepatic blood flow, the metabolism of morphine, meperidine,
and oxycodone may be decreased in patients with liver disease and portal hypertension,
resulting in a prolonged half-life and increased bioavailability; in contrast, fentanyl,
sufentanyl, and remifentanil clearance is unaffected and these are the preferred narcotic
agents [227]. If the use of longer-acting opioids is desired, lower doses at less frequent
intervals should be administered in cirrhotic patients.

Slower metabolism of benzodiazepines such as diazepam, midazolam, and chlor-
diazepoxide can lead to accumulation and prolonged clinical effects. Hence, oxanepam
and lorazepam, which are eliminated by glucuronidation without hepatic metabolism,
are preferred [228].

Barbiturates, which do not affect hepatic blood flow significantly, bind to
γ-aminobutyric acid receptors in the brain and can precipitate hepatic encephalopathy.
They should be used with caution in patients with liver disease. Although the
metabolism of thiopental is decreased in patients with cirrhosis, plasma protein
binding of thiopental is also decreased, so that total body clearance of the drug is
unaltered in cirrhosis [229]. Although drug elimination is largely unchanged after a
single induction dose of intravenous sodium thiopental or propofol, multiple doses or
a continuous infusion may lead to prolonged clinical effects [230].

9.5 LIVER SURGERY AND REGENERATION

The human liver has the unique ability to regenerate after injury, restoring its original
mass and function. Hepatic resection is safely accomplished for malignant and benign
diseases because of this unique ability. Regeneration is a highly regulated process
involving intra- and extrahepatic cellular signals and pathways. Animal studies show
that cytokines responsible for hepatic regeneration include hepatocyte growth factor,
transforming growth factor (TGF) α, insulin, and glucagon [231–238]. Hepatocellular
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regeneration is influenced by age. Older livers show delayed and slower regenera-
tion after acute injury than younger livers. In steatosis, abnormalities in induction of
cytochrome P450 play a role in the pathophysiology of mitochondrial damage and may
contribute to poor liver regeneration [239–241].

Follow up of adult living liver donors shows that a large amount of regeneration
occurs in the first one to two weeks after resection for donation, but most remnant
livers do not return to original size even after a year [242,243]. Numerous influences
may interfere with the balance between maintaining differentiated hepatocyte function
and cellular replication for survival [244]. After hepatic resection or transplantation,
hepatocytes recover and regenerate at the expense of normal hepatic metabolism. The
success of restoring lost liver mass and repairing tissue injury determines the ability
of the liver to recover and support normal metabolic function. An inability to maintain
this process after injury or liver resection may lead to hepatic decompensation, liver
failure, and “small-for-size” syndrome [245].

9.6 LIVER TRANSPLANTATION AND DRUG METABOLISM

LT is the only curative option in patients with severe hepatic dysfunction or hepatic
failure. It is also a means of cure for some liver tumors, most commonly hepatocellular
carcinoma. In children, it is performed primarily for biliary atresia and inborn errors
of metabolism.

The first step in LT is harvesting or procurement of the donor organ. Following
this, the graft is preserved in solution until the time of implantation in the recipient.
Preservative solutions can now extend this preservation period for close to 24 h, and
this has changed procurement practices and the availability of organs for the better.
The recipient operation involves the removal of the recipient liver (resulting in the
anhepatic phase) and then graft implantation, which requires revascularization and
biliary reconstruction.

Regeneration is crucial in LT. In cadaveric whole graft LT, ischemia-perfusion injury
occurs during graft preservation. Regeneration occurs immediately after transplant,
according to the extent of preservation injury [246,247]. Similarly, hepatic regeneration
is important in transplanting a small graft into a larger recipient, as is the case in
adult-to-adult live donor transplantation [248].

LT also involves removal of the gallbladder with a consequential disruption of bile
flow. In cases where a temporary T-tube is required to drain the bile duct for a longer
period, the absorption of fat-soluble drugs may be further affected.

9.6.1 Graft Versus Recipient Size

Advancement in surgical techniques has enabled living donor LT to increase the avail-
ability of liver grafts available in the organ donor pool. In pediatric LT, deceased
donor size-matched allografts are rarely available. To overcome this, reduced size LT
where the donor liver is surgically reduced in size to meet the needs of the pedi-
atric recipient is used in split-LT. With this technique, a potential deceased donor
graft benefits two potential recipients [249]. Similarly, in pediatric living-related donor
operations, the left lobe of the liver, or a portion of it, is taken as the donor graft
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from the parent [250]. The same is applied in adult-to-adult live donor transplanta-
tion, in which the right hepatic lobe is used as the donor graft, unless the size of
the donor’s left hepatic lobe per se suffices. In general, a donor liver allograft has to
be within 20% of the recipient’s size. A large-for-size graft can impair breathing or
closure of the abdomen, whereas a small-for-size graft may be inadequate for survival.
The amount of liver graft implanted is important in post-LT regeneration. The safety
limits of selecting graft size/volume in living donors vary from 30–50% of “standard
liver volume” to 0.8–1.0% of recipient body weight [251–255]. Small-for-size grafts
[256] (graft weight/standard liver volume ratio <40% or graft-to-recipient weight ratio
<0.8%) are associated with poor survival and prolonged hyperbilirubinemia [251,257].
Although small grafts can regenerate, there is significant functional impairment of the
grafts resulting in prolonged cholestasis and histology consistent with ischemic injury.
This functional impairment may interfere with drug pharmacokinetics. Other clinical
features of this syndrome include delayed protein synthesis and increased surgical
complications, massive ascites, gastrointestinal bleeding, increased infection, and renal
dysfunction [251,255,258].

Studies have shown that adult-to-adult live donor transplant recipients require lower
doses of immunosuppression in the early postoperative period than patients receiving
whole grafts [259], even if the graft received is of adequate weight for the recipient.

9.6.2 Drug Metabolism in the Post-LT Patient

The post-liver transplant patient often has fluid, electrolyte, and nutritional abnormali-
ties, as well as biliary tract dysfunction. These multiple physiologic changes can result
in pharmacokinetic alterations of drugs administered in the post-LT setting [260].

9.6.2.1 Absorption. Post-LT, the absorption of lipophilic drugs may be dramatically
improved. This has been demonstrated for the absorption of lipid-soluble drugs (e.g.,
cyclosporine A) and lipid-soluble vitamins (e.g., vitamin A, vitamin E), which improves
after successful LT and reestablishment of bile flow and normal excretion of bile salts.
In children, vitamin E deficiency and its neurologic complications in liver failure
patients are reversed after LT.

9.6.2.2 Protein Binding. Drug’s protein binding is affected by the synthetic capacity
of the liver and the pathophysiologic changes associated post-LT.

The serum concentration of albumin in liver transplant recipients remains low for
months following surgery. This results in a lower protein-bound fraction for drugs,
which are albumin bound. However, when compared to patients with chronic liver
disease, the protein binding of diazepam and salicylic acid is greater in post-liver
transplant patients because of the removal of endogenous binding inhibitors.

Conversely, the concentration of α1-acid glycoprotein increases post-LT and remains
elevated beyond a month. Accordingly, drugs that bind to this protein will have lower
free concentrations. The unbound fraction of lidocaine in the plasma of post-liver
transplant patients is lower than that in normal volunteers.

9.6.2.3 Hepatic Clearance. Drug metabolism in the post-liver transplant patient
may be altered by a multitude of factors, including preservation injury, initial decreased
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hepatic blood flow, and induction or inhibition of microsomal enzymes by immuno-
suppressant agents or other commonly used drugs in the post-LT period. Physiologic
changes as a result of improved organ function include improved liver metabolism and
improved bile salt and protein production, although the organ function is not consid-
ered to be entirely normal. In the early postoperative period, all the above changes
may affect the pharmacokinetics of administered medications.

First-pass metabolism is also altered in the transition to normal hepatic function.
Altered biliary function affects the absorption of lipophilic compounds and the elimi-
nation of drugs and their metabolites as well. For example, biliary dysfunction in liver
transplant patients results in a high concentration of cyclosporine metabolites in the
blood.

Generally, cytochrome P450 activity is depressed in the early posttransplantation
period and recovers over the first few months. Hepatic mRNA gene expression for
CYP3A4, 3A5, 2E1, and 1A2 increase significantly over time from LT [261]. However,
studies in liver transplant recipients have shown that CYP2E1 has enhanced activity
in the first month [262], while CYP2D6 appears to be unaffected by the procedure
[263,264]. Drugs that are substrates for CYP2E1 may require a dosage adjustment
during this early period. Recipient age does not appear to influence the changes in major
CYP450 enzyme capacity following LT. Donor gene polymorphisms of CYP450 may
be more important in alterations of drug metabolism than recipient polymorphisms
[265]. In the late LT period, stable liver transplant patients have demonstrated, by
antipyrine kinetics, similar hepatic oxidative metabolizing capacity as compared to
normal subjects.

Phase II metabolism has not demonstrated alterations with LT. Although sulfation
and glucuronidation of acetaminophen is minimally altered in post-liver transplant
patients, renal elimination of the conjugates/metabolites is impaired [266,267]. For
numerous reasons, renal clearance of drugs in liver transplant patients is usually
impaired in the immediate and early postoperative period.

9.6.3 Commonly Used Immunosuppressants in LT

The standard immunosuppression regime after LT is composed of corticosteroids plus
a calcineurin inhibitor (tacrolimus (TAC) or cyclosporine A). An antiproliferative
agent may be added for patients at higher risk of rejection. More recent studies have
also used various agents (e.g., IL-2 receptor monoclonal antibodies) either as steroid-
sparing agents or to delay the use of calcineurin inhibitors until renal function recovers
(Table 9.4).

Most immunosuppressants have narrow therapeutic windows and are extensively
metabolized by the liver. Fluctuating hepatic function from hepatic regeneration and
the need for polypharmacy, especially in the early postoperative period, puts the patient
at increased risk of drug–drug interactions or adverse drug reactions. In the period of
hepatic regeneration, immunosuppressive drugs require intensive drug monitoring, in
view of their narrow therapeutic window, adverse reactions, drug–drug interactions,
and changing pharmacokinetics.

9.6.3.1 Steroids. Prednisone is well absorbed orally and has a long half-life,
allowing for once daily dosing. It is converted to active prednisolone in the body and
has multiple suppressive effects on the immune system. Barbiturates, phenytoin, and
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TABLE 9.4 Immunosuppressants Used in Liver Transplantation

Steroids
• Methylprednisolone
• Prednisolone
• Prednisone

Immunophilin-binding agents
• Tacrolimus (Prograf®)
• Cyclosporine (Sandimmune®, Neoral®)
• Sirolimus (Rapamune®)

Antiproliferative agents
• Mycophenolate mofetil (CellCept®, Myfortic®)
• Azathioprine (Imuran®)

Anti-T-cell antibodies
• Muromonab-CD3 monoclonal antibody (OKT3)
• ALG/ATG globulin (Atgam® or Thymoglobulin®)

Interleukin-2 receptor monoclonal antibodies
• Daclizumab (Zenapax®)
• Basiliximab (Simulect®)

rifampicin decrease the effectiveness of prednisone, whereas prednisone will decrease
the effectiveness of vaccines and toxoids.

The steroid dose varies from center to center but is highest during the anhepatic
phase and immediately after LT, with a variable period of dose taper. Administration of
high dose IV methylprednisolone or high dose oral prednisone (200 mg) is the first-line
therapy for the treatment of acute graft rejection.

Common adverse effects of steroids include increased appetite, insomnia, and mood
changes. Side effects seen with high doses or prolonged therapy include cataracts,
hyperglycemia, hypertension, hirsutism, acne, sodium and water retention, and growth
suppression.

9.6.3.2 Immunophilin-Binding Agents
9.6.3.2.1 Tacrolimus. TAC (Prograf®) binds to the cytoplasmic immunophilin, FK
binding protein (FKBP-12), with subsequent inhibition of the activity of calcineurin.
Calcineurin is an enzyme that stimulates cytokine production (e.g., IL-2) by activated
T cells.

Oral TAC has incomplete and variable absorption resulting in poor bioavailability in
liver transplant patients (∼29% bioavailable). This requires the use of higher oral than
intravenous doses to obtain similar blood concentrations. TAC decomposes in alkaline
media, and medications that increase the pH of the gastrointestinal tract (e.g., antacids)
will further decrease its oral absorption. Such drugs’ administration should be spaced
2 h apart from TAC administration. TAC is 99% protein bound (mainly to albumin or
α1-acid glycoprotein).

TAC is mainly metabolized by CYP3A4 to eight other metabolites, some of which
are active. Expectedly, other drugs or pathophysiological processes affecting CYP3A4
activity can alter TAC concentrations. Macrolide antibiotics (e.g., erythromycin) and
antifungal medications (e.g., itraconazole, fluconazole) can increase TAC levels,
whereas anticonvulsants (e.g., phenytoin, phenobarbital) and rifampin can lower TAC
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levels. Patients with hepatic dysfunction may require a reduction in dose. Less than
2% of the drug is excreted unchanged in the urine. At times, such drug interactions
are taken advantage of clinically. For example, in patients who cannot afford the
cost of TAC or who may have genetic polymorphisms that result in rapid TAC
metabolism, enzyme inhibitors such as verapamil may be used to allow for a lower
dosing of TAC while achieving therapeutic levels of TAC. The same principle is true
for cyclosporine A as well.

The main adverse effects of TAC are neurologic. These range from mild effects
such as insomnia, tremors, headaches, nightmares, and hyperesthesia to major effects
such as seizures, confusion, psychosis, and coma, which may necessitate a withdrawal
of the drug. TAC is nephrotoxic, and caution should be exercised with the concurrent
use of other nephrotoxic drugs.

Intravenous TAC is dosed at 0.03–0.05 mg/kg/day by continuous infusion in the
initial postoperative period. Oral TAC is dosed at 0.1 to 0.15 mg/kg/day as two divided
doses. Dose is then adjusted according to trough blood levels and clinical findings.
Pediatric patients clear the drug more rapidly and require two to four times higher
doses than adults to maintain equivalent therapeutic considerations

9.6.3.2.2 Cyclosporine. Cyclosporine binds to the cytoplasmic immunophilin
cyclophilin, which also blocks the action of calcineurin.

Cyclosporine is highly lipophilic and is dependent on bile for intestinal absorption.
Following oral administration, the absorption of cyclosporine is incomplete (∼30%)
and erratic, especially in liver recipients with T-tube diversion of bile. The absorption
of cyclosporine can be enhanced by a moderate fatty meal, so the patient should
be advised to take cyclosporine with meals. Cyclosporine is available as standard
formulation (Sandimmune®) or as a microemulsion (Neoral®). The microemulsion
formulation has better and more reliable oral absorption, as it is less dependent on bile
for its absorption. In a study of liver recipients with T-tube diversion, the bioavailability
of the microemulsion was 6.5 times greater than that of the standard formulation [268].
Hence, the two formulations are not bioequivalent and cannot be used interchangeably.
Pharmacologically, the microemulsion formulation has also been associated with a
lower incidence of rejection compared to standard formulation [269]. Once absorbed,
cyclosporine is highly protein bound (>90% to lipoproteins).

Cyclosporine is also mainly metabolized by CYP3A4 and shares the same drug
interactions as TAC. Inhibitors of CYP3A will reduce the metabolism of cyclosporine
and increase its blood concentrations. Substances that induce CYP3A activity will
decrease its metabolism and elimination, decreasing its blood concentration and result-
ing in subtherapeutic levels with a risk of graft rejection. For example, grapefruit juice
(enzyme inhibitor) decreases the metabolism of cyclosporine, while St John’s Wort
(enzyme inducer) increases its metabolism. More drug interactions have been reported
with cyclosporine, although this may be a consequence of greater and longer experi-
ence with cyclosporine use. All the metabolites of cyclosporine A have less biological
activity or toxicity than the parent compound. Dosage adjustments for cyclosporine are
required in hepatic dysfunction.

Adverse reactions to cyclosporine include hypertension, nephrotoxicity, gingival
hypertrophy, hirsutism, and tremor. Less common side effects may occur includ-
ing seizures, headache, psychosis, paresthesias, and pancreatitis. Cyclosporine is also
nephrotoxic. Caution should be exercised in using other nephrotoxic drugs concurrently.
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The adult dose for intravenous cyclosporine is 2–5 mg/kg/day as a continuous intra-
venous infusion. Initial oral dose is 15 mg/kg/day and is tapered to a long-term dose
of 5 mg/kg/day divided into one or two doses per day. As with TAC, children require
higher doses of cyclosporine to maintain therapeutic drug concentrations. In large part,
cyclosporine has been supplanted by TAC as the primary immunosuppressive agent
post LT.

9.6.3.2.3 Sirolimus. The sirolimus–immunophilin complex binds to the mammalian
target of rapamycin (mTOR), which inhibits the signal necessary for IL-2-induced
T-cell proliferation [270].

Sirolimus is a lipophilic drug with poor oral bioavailability and extensive tissue
distribution [271]. Sirolimus is predominantly metabolized by CYP3A4, and coad-
ministration of enzyme inducers or inhibitors will affect the rate and extent of its
metabolism. Examples of these are detailed above, as with TAC and cyclosporine.

Early studies showed that sirolimus was both effective when used in combination
with cyclosporine in a steroid-sparing protocol [272], or in combination with pred-
nisone and low dose TAC, which resulted in less TAC-associated nephrotoxicity [273].
However, recent findings have now prompted the US boxed warning that sirolimus is
not recommended for use in de novo LT patients due to increased risk of hepatic artery
thrombosis, graft failure, and the increased mortality risk when used in combination
with TAC and/or cyclosporine.

9.6.3.3 Antiproliferative Agents
9.6.3.3.1 Mycophenolate Mofetil. Mycophenolate mofetil has a cytostatic effect on
both the B and T lymphocytes.

Oral mycophenolate mofetil is available in a standard form (CellCept®) or as
a delayed-release preparation (Myfortic®). Both forms should not be used inter-
changeably due to their differences in absorption. Antacids decrease the absorption of
mycophenolate mofetil, and administration of the two drugs should be separated by at
least 2 h. Food delays the absorption of mycophenolate mofetil, and when possible, the
drug should be taken on an empty stomach. However, in some cases, mycophenolate
mofetil is taken with food to minimize adverse gastrointestinal effects. After oral
absorption, mycophenolate mofetil is hydrolyzed by the liver and gastrointestinal
tract to the active metabolite, mycophenolic acid. Mycophenolic acid is conjugated
with glucuronide to form an inactive compound. However, this metabolite may be
converted back to the active parent drug in the blood. Mycophenolic acid enters
the enterohepatic recirculation. The drug is highly albumin bound (97%). Total
plasma concentrations will vary as protein synthetic capacity of the liver increases
with recovery of the liver. Patients should be monitored closely when inhibitors or
inducers of CYP3A4 are used. Plasma concentration monitoring has been suggested
for mycophenolate mofetil, but a good correlation with efficacy and adverse effects
has not been demonstrated.

Adverse effects with mycophenolate mofetil include gastrointestinal disturbances
(nausea, vomiting, diarrhea), pure red cell aplasia, neutropenia, thrombocytopenia,
headache, weakness, dizziness, and insomnia. Drugs with adverse effects similar to
immunosuppressive agents, such as nephrotoxic drugs, should be used cautiously.
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In adults, mycophenolate mofetil is dosed 1.5 g twice daily. In children, it is dosed
at 40 mg/kg/day, in two divided doses.

9.6.3.3.2 Azathioprine. Azathioprine is an antiproliferative agent against both the
B and T lymphocytes. It is metabolized to its active metabolites mercaptopurine,
6-thionosinic acid, and 6-thioguanine. Azathioprine is commonly used to treat autoim-
mune hepatitis. It is can be used in LT to prevent graft rejection, but not as a treatment
for established rejection. It is recommended that its dose be reduced by at least two-
thirds during concurrent therapy with xanthine oxidase inhibitor allopurinol and that
both drugs are not used together unless absolutely necessary. Xanthine oxidase con-
verts the active metabolite of azathioprine into an inactive compound. Hence, drug
interactions have been reported to cause significant drug toxicity, including fatalities
[274–278].

9.7 THE USE OF HERBAL PREPARATIONS IN PATIENTS WITH LIVER
DISEASE

Herbal medicine and its potential drug interactions are particularly challenging for the
hepatologist. Although herbal medications are exempted from premarketing safety stan-
dards, many herb–drug interactions are known to occur. Surveys have demonstrated
that up to 65% of patients with liver disease take some form of herbal preparation
[279–282]. Herbal therapy usually consists of a mixture of ingredients, rather than a
single pharmacologic agent. Plants can also vary based on the geographic location of
their growth and the time of the harvest [283]. Preparations often contain constituents
that can compete with the action of the principal agent. Botanical misidentification,
product contamination or adulteration, mislabeling and variability in the collection and
extraction processes adopted, and lack of active compound stability may all have an
effect on purity of the final product. For example, an aqueous extract will not con-
tain the same amount of an herb as an alcohol extract, or as the grounded leaves
of the herb without extraction. Many herbs and plants may also be marketed under
different names. For example, Echinacea is also known as cone flower, black Sam-
son, black susan, comb flower, scurvyroot, hedgehog, Missouri snakeroot, and Indian
head [284]. It is also challenging for the hepatologist to demonstrate hepatotoxicity or
drug–herb interactions because patients usually omit mentioning their use, even upon
direct questioning, because of their perceived safety [285].

Induction of cytochrome P450 enzymes by other drugs or alcohol may increase the
production of toxic metabolites that mediate liver injury. For example, pyrrolizidine
alkaloids and diterpenoid constituents of Scutellaria (found in skullcap, germander,
and other Teucrium spp.) are well-known hepatotoxins metabolized via CYP3A4, and
pharmacologic induction of CYP3A4 has been associated with increased toxicity from
these herbal agents [286–289]. Pennyroyal, used as a general herbal tonic, is metabo-
lized via CYP2E1 to the toxic metabolites pulegone and methofuran. Chronic alcohol
ingestion that induces CYP2E1 activity may increase the risk of hepatotoxicity from
this herb [283].

Conversely, herbs may also have a direct effect on the induction or inhibition of
CYP450 enzymes, affecting their metabolism of other drugs (Table 9.5). Transplant



REFERENCES 33

TABLE 9.5 Common Drug–Herb Interactions in Liver Disease

Herb Interacting Medication

Danshen (Salvia miltiorrhiza) Corticostroids
Devil’s claw (Harpagophytum

procumbens)
Anticoagulants, aspirin

Dong quai (Angelica sinensis) Corticosteroids
Grapefruit juice Cyclosporine, calcium channel blockers
Glycyrrhizin (licorice root) Prednisolone, spironolactone
St John’s wort (Hypericum perforatum ,

goatweed)
Cyclosporin, indinavir, other protease

inhibitors
Garlic, ginger, papaya extract, or

tamarind (Tamarindus indica)
Aspirin, anticoagulants

Source: Adapted from Schiano TD [285]. Copyright Elsevier 2003.

recipients require immunosuppressants and other drugs that may have narrow therapeu-
tic indices. St John’s Wort (Hypericum perforatum) is a widely used herbal product
with many reported drug–herb interactions. The herb is known to induce CYP3A4
and P-glycoprotein expression. The results of a systemic review indicate that St John’s
Wort lowers the blood concentration of multiple drugs, including cyclosporine, digoxin,
warfarin, and theophylline [290]. Graft rejection related to subtherapeutic levels of
cyclosporine caused by St John’s Wort has been reported in transplant patients [291].

Herbal or alternative medicine hepatotoxicity superimposed on preexisting liver
disease must always be considered, especially because many herbs are used as “liver
remedies” in patients with viral hepatitis and other chronic liver diseases. Alterna-
tive medicine-induced liver injury, such as drug hepatotoxicity, can clinically and
histologically mimic any type of liver disease [285].

Other relevant chapters on drug–herb interactions and metabolism in this ency-
clopedia include Enzyme Kinetics of Drug-Metabolizing Reactions and Drug−Drug
Interactions , ADME of Herbal Dietary Supplements , Animal Models of Idiosyn-
cratic, Drug-Induced Liver Injury: Emphasis on the Inflammatory Stress Hypothesis ,
Herb–Drug and Food–Drug Interactions .

9.8 CONCLUSIONS

In humans, the liver is a major site of drug metabolism. The multiple functions this
organ is responsible for to maintain homeostasis is the reason why liver disease can
sometimes result in several altered states in the body (e.g., coagulopathy, altered protein
levels, altered fluid balance). Hence, any liver disease has the potential to alter drug
disposition and metabolism. Dosing in patients with cirrhosis should be undertaken
with caution, and the physician or pharmacist needs to be mindful that many common
drugs may require dose adjustments while prescribing for such patients.
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