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Abstract
Inhibition and induction of drug-metabolizing en​zymes are the most frequent and dangerous drug-drug interactions. They are an important cause of serious adverse events that have often resulted in early termination of drug development or withdrawal of drugs from the market. Management of such interactions by dose adjustment in clinical practice is extremely difficult because of the wide interindividual variability in their magnitude. This review examines the genetic, physiological, and environmental factors responsible for this variability, focusing on an im​portant but so far neglected cause of variability, liver functional status. Clinical studies have shown that liver disease causes a reduction in the magnitude of interactions due to enzyme inhibition, which is proportional to the degree of liver function impairment. The effect of liver dysfunction varies quantitatively according to the nature, reversible or irreversible, of the inhibitory interaction. The magnitude of reversible inhibition is more drastically reduced and virtually vanishes in patients with advanced hepatocellular insufficiency. Two mechanisms, in order of importance, are responsible for this reduction: decreased hepatic uptake of the inhibitory drug and reduced enzyme expression. The extent of irreversible inhibitory interactions is only partially reduced, as it is only influenced by the decreased expression of the inhibited enzyme. Thus, for appropriate clinical management of inhibitory drug interactions, both the liver functional status and the mechanism of inhibition must be taken into consideration. Although the inducibility of drug-metabolizing enzymes in liver disease has long been studied, very conflicting results have been obtained, mainly because of methodological differences. Taken together, the results of early animal and human studies indicated that enzyme induction is substantially preserved in compensated liver cirrhosis, whereas no definitive conclusion as to whether it is significantly reduced in the decompensated state of cirrhosis was provided. Since ethical constraints virtually preclude the possibility of performing methodologically rigorous investigations in patients with severe liver dysfunction, studies have recently been performed in animals rigorously stratified according to the severity of liver insufficiency. The results of these studies confirmed that enzyme induction is virtually unaffected in compensated cirrhosis and indicated that the susceptibility of enzyme induction to severe liver dysfunction depends on the type of nuclear receptor involved and also varies among enzyme isoforms under the transcriptional control of the same nuclear receptor. These findings make it clear that no general conclusion can be reached from the study of any particular enzyme and partly explain the conflicting results obtained by previous studies. Since no general guidelines can be provided for the management of drug interactions resulting from enzyme induction, both the effects and the plasma concentration of the induced drug should be strictly monitored. The findings discussed in this review have important methodological implications as they indicate that, contrary to current guidelines, the magnitude of metabolic drug-drug interactions in patients with liver disease cannot be inferred from studies in healthy subjects.
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Core tip: The widespread use of polypharmacotherapy makes drug-drug interactions due to inhibition or induction of drug-metabolizing enzymes virtually unavoidable, with consequently high risk of serious or even life-threatening adverse effects. An appropriate management of such interactions by dose adjustment is made difficult by their high interindividual variability. This review, which focuses on the variability associated with liver functional status, presents an updated discussion of the relevant literature, analyzes the mechanisms responsible for the effect of liver dys​function on the magnitude of these interactions, and outlines the criteria on which their clinical management should be based.
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INTRODUCTION
A drug-drug interaction (DDI) may be defined as the modification of a patient’s clinical response to the administered drug by co-administration of another drug. DDIs are termed pharmacodynamic when a pharmacological response is altered through either agonism or antagonism, without affecting the drug kinetics. Pharmacokinetic interactions, i.e., alterations of drug disposition, occur mainly via inhibition or induction of metabolic enzymes or transporters involved in drug absorption, distribution, metabolism, or excretion. DDIs are an important and avoidable cause of serious adverse events and can result in early termination of development or withdrawal of drugs from the market. As polypharmacy is commonplace in many patient populations, the risk of dangerous DDIs is high. For example, in the general population, DDIs have been considered responsible for 20%-30% of all adverse drug reactions[1] and account for about 10% of visits to emergency departments[2]. In hospitalized patients, they represent 3%-5% of medication errors[3] and have been estimated to be the cause of death in 4% of cancer patients[4], to whom drugs are frequently administered at or close to the maximum tolerated dose. Both transporter- and enzyme-mediated DDIs can significantly alter drug pharmacokinetics and have therefore the potential to affect the therapeutic efficacy or toxicity of drugs. However, a very limited number of transporter-mediated DDIs have so far been shown to be clinically relevant, and the effect of environmental variables, such as liver disease, on the extent of these interactions has not yet been investigated[5]. By contrast, metabolism-based DDIs, particularly those due to inhibition and induction of cytochromes P450 (CYPs), have been shown to be rather frequent and the most dangerous ones[6]. The clinical consequences of CYP inhibition or induction depend on the pharmacological and toxic effects of both the parent drug and its metabolite(s) and may be particularly important if the victim drug has a narrow therapeutic index, since metabolism-based DDIs may cause up to 10-fold changes in the concentrations of the drug whose biotransformation is inhibited or induced (see, e.g., Teo et al[7]). Thus, when the parent drug is responsible for the pharmacological effect and the affected metabolic pathway constitutes its main route of elimination, inhibition and induction may cause dangerous toxic effects or complete loss of therapeutic efficacy, respectively. Vice versa, if the parent com​pound is a pro-drug, inhibition of its metabolic con​version will cause a decrease or loss of therapeutic efficacy, whereas enzyme induction will likely result in toxic effects. Induction may be particularly dangerous when reactive metabolites are generated, as they can frequently cause serious idiosyncratic reactions[8].
Although pharmaceutical companies are devising new approaches to circumvent DDIs mediated by drug-metabolizing enzymes (DMEs), the very broad specificity of CYPs, which results in frequent competition of co-administered drugs for CYP cata​lytic sites, make these interactions virtually un​avoidable. For example, a systematic review[9] of new drug applications approved by the Food and Drug Administration (FDA) in 2013 revealed that, on the basis of in vitro tests performed during drug development, almost all new molecular entities had been found to be perpetrators of metabolic interactions. In particular, 77% inhibited at least one CYP enzyme, and 29% induced CYP enzyme expression to some extent. In addition, 45% of the new molecular entities had been found to be victims of clinically significant metabolic DDIs.

The wide interindividual variability in the magnitude of drug interactions due to enzyme inhibition or induction makes it very difficult to manage such interactions by dose adjustment since, as pointed out by Obach et al[10], there is no proven in vitro method consenting a quantitative prediction of the alteration in exposure to the victim drug. Although more complex and refined predictive models have subsequently been proposed and endorsed by the FDA regulatory guidance[11], it has recently been pointed out that they do not improve predictive capacity[12].

Genetic factors (enzyme polymorphisms), phy​siological and environmental variables (age, sex, diet, co-medication) as well as various pathological conditions may concur in determining the wide interindividual variability of metabolism-based DDIs. As shown by Christensen et al[13], any displacement from plasma protein-binding sites is a further factor influencing the magnitude of metabolic DDIs. Factors influencing the magnitude of metabolism-based interactions have been reviewed in the past[14-17]. However, only one review focused on the effect of liver disease on both enzyme inhibition and induction[18]. The present review is an update that includes new findings and reinterprets some results in light of newly-acquired knowledge.

The mechanisms underlying altered drug dis​position in liver disease are not known with cer​tainty. Therefore, the effect of liver insufficiency on metabolism-based DDIs is difficult to predict. In this review, we interpret the observed liver effects on metabolic DDIs on the basis of the mechanisms proposed to account for altered drug handling in liver disease. Therefore, current theories aiming to explain the influence of liver dysfunction on hepatic drug disposition will be summarized firstly.

MECHANISMS UNDERLYING ALTERED HEPATIC DRUG HANDLING IN LIVER DISEASE

A large number of studies have shown that im​pairment of drug disposition is strictly correlated with the type and severity of liver disease. In patients with chronic hepatitis without cirrhosis, or primary or secondary liver cancer, hepatic drug metabolism is generally comparable to that of subjects with normal liver function[19]. By contrast, in liver cirrhosis, hepatic drug clearance is in most cases significantly reduced. Therefore, most of the published literature is concerned with the impairment of drug disposition in liver cirrhosis.

Unlike the kidney, for which creatinine clearance is a quantitative measure of renal excretory ability, no single endogenous marker is a reliable index of the degree of liver function impairment and its drug-metabolizing ability. Various classification systems have been developed to characterize the degree of liver injury and predict the prognosis of patients with cirrhosis[20-22]. Because of their fairly good predictive value of hepatic drug-metabolizing ability, the Child[23] and Pugh[24] classifications, which are based on a combination of clinical features (ascites, encephalopathy, and nutritional status) and laboratory variables (serum albumin, bilirubin, and the international normalized ratio of prothrombin time), are currently used in clinical studies aiming to correlate the degree of liver dysfunction with impairment of hepatic drug disposition. According to the Child classification, liver cirrhosis is graded as A, B, or C, in order of increasing severity. Child grade A patients have well preserved liver function (normal or nearly normal values of liver function tests); Child grade B patients have altered values of these tests, but minimal encephalopathy and easily controlled ascites, whereas patients with Child grade C (decompensated) cirrhosis have grossly altered values of liver function tests, and severe encephalopathy and ascites are present. In the Pugh system, a numerical score is given to each clinical feature or biochemical test. Overall scores of 5-6, 7-9, and 10-15 correspond to Child’s grade A, B, and C liver cirrhosis, respectively.

On the basis of experimental observations of the effect of liver cirrhosis on drug disposition and the morphological and functional changes associated with this disease, four mechanisms have been proposed whereby liver cirrhosis can alter hepatic drug handling[19]. The basic tenets of these theories will be briefly summarized, and experimental evidence supporting or disproving each of these theories will be discussed.

Intact hepatocyte theory
According to this theory, the alteration in hepatic drug elimination is the consequence of a reduced mass of hepatocytes, the function and perfusion of which remain normal. Depending on their hepatic elimination characteristics, drugs can be divided into two major groups[25]: (1) drugs with high hepatic extraction ratio (EH > 0.7), which are referred to as flow-limited drugs because their clearance is mainly dependent on the rate of delivery of the drug to the liver, i.e., liver blood flow; and (2) drugs with low hepatic extraction ratio (EH < 0.3), termed capacity-limited drugs because their clearance is primarily dependent on the metabolic capacity of the liver. The intact hepatocyte theory implicitly assumes that the reduction in clearance is the same for drugs with high or low extraction ratio, i.e., irrespective of whether their clearance is limited by blood flow or the intrinsic metabolic ability of the liver, respectively. Experimental evidence both consistent and inconsistent with this theory has been obtained. On the one hand, the total hepatocyte number in liver biopsies of cirrhotic patients was found to be reduced by a mean of 41% with respect to non-cirrhotic subjects, and the clearances of antipyrine and aminopyrine (model compounds with very low extraction ratio (EH about 0.05) used to assess hepatic metabolic efficiency[26]) were found to be proportionally reduced (by about 40%). On the other hand, the hepatic disposition of flow- and capacity-limited drugs was reported to be affected to different extents in the same cirrhotic patients[19]. In addition, this theory cannot explain the preferential reduction of Phase Ⅰ (oxidative) metabolic reactions compared to Phase Ⅱ (conjugative) biotransformations.

Sick cell theory
This theory states that liver disease is associated with a decline in hepatocyte function; therefore, it implicitly predicts a reduction in enzyme and/or transporter activity measured in vitro. Although drug transport is a significant contributor to hepatic drug disposition, no information is yet available about the effect of cirrhosis on hepatic drug transport. Accordingly, the following discussion will be necessarily limited to alterations in drug-metabolizing reactions.
Consistent with the sick cell theory, numerous animal and human studies have shown that the hepatic levels of CYP proteins and related enzyme activities are reduced in proportion to the severity of liver cirrhosis. In addition, differential reductions in both the content and activity of CYP enzymes have been reported. For example, protein content and activity of CYPs 1A2, 2C9, and 3A4 decrease to a greater extent and a faster rate than those of CYPs 2D6 and 2E1[25]. As the decline of CYP activities is generally correlated with a decrease in corresponding mRNA levels, inhibition of transcriptional activity by the cirrhosis-associated increase in inflammatory cytokines is considered responsible for CYP downregulation[27].

Pharmacokinetic theory predicts that a decrease in liver metabolic activity reduces hepatic clearance of drugs with low-extraction ratio (capacity-limited drugs) to a significantly greater extent than that of highly extracted (flow-limited) drugs. Thus, if the cirrhosis-associated impairment of hepatic drug disposition is due to reduced enzyme content of hepatocytes (as assumed by the sick cell theory), the clearance of capacity-limited drugs should be more profoundly reduced than that of flow-limited drugs. Contrary to this prediction, one study showed that the clearances of propranolol and antipyrine (flow- and capacity-limited drugs, respectively) were affected in a quantitatively similar fashion in a rat model of cirrhosis[28]. This result has been replicated by clinical studies, which showed that the metabolic clearances of the highly and poorly extracted drugs lidocaine and theophylline, respectively, were reduced in a parallel way and to a virtually identical extent in cirrhotic patients[29,30]. These results indicated that other factors, besides reduced metabolic activity of hepatocytes, must be responsible for the impaired elimination of drugs with flow-dependent clearance.

Impaired drug uptake theory
Because of the very large endothelial fenestrations, the sinusoidal capillaries do not constitute an appreciable barrier to the transfer of drugs and proteins from blood to the space of Disse. Sinusoidal capillarization, i.e., cirrhosis-associated occlusion of fenestrations and formation of a basal lamina, converts the microvascular bed of liver into a two-barrier system, as in the other organs. The impaired drug uptake theory assumes that capillarization of sinusoids limits drug uptake by the hepatic parenchyma, especially of those drugs that are highly bound to plasma proteins. Consistent with this assumption, a study of the highly protein-bound drug propranolol showed that in cirrhotic patients the reduction of the hepatic extraction ratio of this drug could not be ascribed to a decreased diffusion of the free drug but rather to an impeded transfer across the endothelial barrier of protein-bound propranolol[31].
This theory also predicts that the hepatic clearance of a highly diffusible and poorly bound drug, such as antipyrine, should be much less affected by cirrhosis than that of a highly bound drug, such as propranolol. However, contrary to this prediction, the in vivo clearances of these two drugs were found to be reduced to the same extent by cirrhosis[28].

Oxygen limitation theory
This theory assumes that capillarization of the sinusoids reduces oxygen transfer from blood to the hepatocytes. This hypothesis was prompted by two types of experimental evidence: (1) reduced oxygen uptake by the isolated cirrhotic liver and cirrhotic animals[32]; and (2) the generally marked reduction of oxidative Phase Ⅰ biotransformations, compared with the substantial preservation of Phase Ⅱ (conjugative) metabolic reactions, which have a lower sensitivity to reduced oxygen concentration and are not significantly decreased until end-stage liver disease is reached[33]. Consistent with this hypothesis, the clearance of theophylline, which undergoes CYP-mediated oxidative metabolism, was shown to be reduced by 37% in cirrhotic rats and restored to normal values by oxygen supplementation[34]. However, these results were not replicated in a similar study of cirrhotic patients[35]. In conclusion, although some in vitro and animal data support this theory, no clear evidence has yet been obtained that sinusoidal capillarization reduces oxygen transfer in humans.
Reduced binding to plasma proteins constitutes an additional mechanism by which liver cirrhosis can modify hepatic drug elimination. The concentrations of both proteins mainly responsible for drug binding [albumin and 1-acid glycoprotein (AAG)] are substantially reduced in severe cirrhosis[36], causing a significant increase in the free level of highly bound drugs. As discussed in detail below, this may result in a paradoxical increase in clearance based on total drug concentration.

Although each of the mechanisms thus far pro​posed in order to explain the reduction of hepatic drug disposition in liver disease has some experimental support, the above considerations make it clear that no single mechanism can explain the altered disposition of all drugs. A plausible explanation for the observed inconsistencies is that multiple mechanisms generally concur in determining the reduction of drug elimination by the diseased liver, and their relative importance varies according to the physicochemical and pharmacokinetic characteristics of each drug.

ENZYME INHIBITION: MECHANISMS AND BIOLOGICAL VARIABILITY

Information regarding the molecular mechanism of interaction between DMEs and inhibitors has been obtained prevalently from studies involving CYP enzymes. The biochemical mechanisms by which drugs inhibit these enzymes are classically divided into two main classes: reversible and irreversible.

Reversible inhibition
This inhibition results from rapidly reversible binding of a lipophilic drug molecule to a hydrophobic substrate-binding region or to the unoccupied sixth ligand position of the prosthetic heme iron[37]. All the kinetic types of inhibition, i.e., competitive, noncompetitive, and uncompetitive[38], as well as allosteric inhibition[39] have been observed following reversible binding.

Irreversible or mechanism-based inhibition
This type of inhibition can be the result of two distinct chemical mechanisms: formation of a metabolic intermediate (MI) complex and autocatalytic inacti​vation[37]. In the former case, inhibition is due to the formation of a metabolite that binds tightly to the reduced heme moiety, thereby forming a stable inactive complex with the enzyme, called the MI complex. In the latter case, the enzyme converts the bound drug to a chemically reactive metabolite that binds covalently to the catalytic site and destroys the structure of the hemoprotein. For this reason, this mechanism is also referred to as suicide inactivation. In contrast to suicide inactivation, MI complexation does not cause a permanent alteration of the hemoprotein structure. However, from a clinical point of view, there is no difference between the two mechanisms, because both cause irreversible loss of the inhibited enzyme, and restoration of in vivo enzyme activity requires enzyme re-synthesis. Because of their long-lasting effect, irreversible inhibitors cause generally more dangerous clinical effects than reversible ones[40]. They are also much more selective than reversible inhibitors, as only one or very few CYP can generate chemically reactive metabolites or form MI complexes with a given drug. For example, erythromycin and ethinylestradiol are selective inhibitors of CYP3A4, because only this CYP isoform generates a MI complex with the former drug and a chemically reactive metabolite with the latter[40].

The liver content of the inhibited enzyme is the most important factor determining the magnitude of inhibitory DDIs and, consequently, their clinical relevance. Whenever the inhibited metabolic pathway is not the unique route of elimination, its contribution to the overall elimination of a drug depends on the hepatic content of the relevant enzyme. Hence, the lower the enzyme content, the lesser the fractional inhibition of total drug clearance. Any factor decreasing the expression of a DME is therefore expected to reduce the importance of its inhibition. Marked interindividual variations have been observed in the hepatic content of DMEs, with consequent wide variability in the magnitude of DDIs. The biological factors affecting enzyme expression, which have been investigated mainly by studies of CYP-mediated biotransformations, can be divided in two categories: genetic polymorphism and phenoconversion.

Genetic polymorphism

Various CYP enzymes show genetic polymorphism (defined as the presence of variant alleles in at least 1% of the population), which is the main cause of the wide interindividual variability in metabolic drug disposition. The marked differences in CYP expression levels between extensive (EM) and poor (PM) metabolizers also result in significant variability of the magnitude of inhibitory drug interactions (see Lee et al[15] for a review). Various observations have been made regarding the variability associated with the inhibition of the polymorphic enzymes CYP2C19 and CYP2D6. These studies have consistently shown that the magnitude of metabolic inhibition is markedly greater in EMs than in PMs. For example, co-administration of fluvoxamine, an inhibitor of CYP2C19, with the CYP2C19 substrate lansoprazole, resulted in a 4-fold increase in lansoprazole AUC (corresponding to 75% inhibition of its systemic clearance) in EMs, whereas it had virtually no effect in PMs[41]. An even greater difference was observed when quinidine, a potent CYP2D6 inhibitor, was co-administered with venlafaxine, since the oral clearance of the R enantiomer of venlafaxine, selectively metabolized by CYP2D6, was inhibited by more than 90% in EMs and virtually unaffected in PMs[42]. According to the authors of the above mentioned review[15], genotyping of polymorphic enzymes should become a mandatory aspect of drug development and the extent of inhibitory DDIs should be reported according to the metabolizer genotype. They also pointed out that available results advocate the need for genotyping in the clinical setting, since dose adjustments may be necessary only in EMs.

Phenoconversion
The wide inter-genotype differences in drug meta​bolism, which account for a substantial fraction of the variability in drug response, have prompted a large number of pharmacogenetic studies trying to establish possible associations between DME genotypes and clinical outcomes. These studies have almost invariably focused on the DME genotypes of the study population, with the assumption that genotypes predict their functional phenotypes. However, this assumption does not always hold since, contrary to the DME genotype that is immutable, DME phenotypes may be changed by environmental and physiological factors. The phenomenon whereby a genotypic EM is converted into a phenotypic PM is called phenoconversion[43]. A large body of evidence, obtained from both non-clinical and clinical studies, indicates that release of proinflammatory cytokines is the main cause of disease-associated phenoconversion, as these mediators downregulate the expression of certain DMEs, especially those of the CYP family[44]. Thus, reduced CYP levels are expected, and have been observed, in patients with infections or other inflammatory conditions, such as rheumatoid arthritis, sepsis, cancer, cardiac or renal failure, and liver disease[27,45]. Besides impairment of drug disposition, these diseases are expected to cause a decrease in the magnitude of inhibitory drug interactions. However, only for liver cirrhosis has this question been addressed by a series of studies carried out in our laboratory[29,30,46,47] (see below).

The expression and activity of various DMEs are also reduced at the extremes of age[48]. It has been observed that phenoconversion associated with aging is “strikingly similar” to that caused by cirrhosis, and the same mechanisms have been proposed to explain reduced drug metabolism[49]. However, only a few and so far inconclusive studies have been devoted to the quantitation of the magnitude of inhibitory DDIs in elderly subjects[49,50]. Ethical concerns generally preclude the analysis of inhibitory DDIs in children by means of prospective pharmacokinetic studies, since such studies entail the administration of a non-therapeutic agent. A recent comprehensive survey of the relevant literature[51], which compared the magnitude of reported metabolic DDIs in pediatric and adult populations, highlighted the paucity of data in children younger than 2 years and noted that magnitudes both somewhat higher and lower than in adults had been reported in children. This study concluded that no age-related trend in the magnitude of inhibitory DDIs could be established in children.

EFFECT OF CIRRHOSIS ON ENZYME INHIBITION

In principle, five types of factors can affect the extent of inhibitory DDIs in liver cirrhosis.

Reduced enzyme content
The expression of various CYP enzymes, particularly that of CYP1A2 and CYP3A4, has been shown to be markedly reduced in cirrhosis[25,52]. As discussed in detail above, reduced enzyme content is expected to result in a decreased inhibitory effect.

Hepatic extraction ratio of the drug with inhibited metabolism
Pharmacokinetic theory predicts that the hepatic clearance of drugs with a low extraction ratio (capacity-limited drugs) is reduced in proportion to the degree of enzyme inhibition, since the clearance of these drugs depends essentially on intrinsic clearance, i.e., the metabolic capacity of the liver. Vice versa, the clearance of drugs with a high extraction ratio (flow-dependent drugs), is almost exclusively determined by liver perfusion and should be virtually unaffected by a decrease in intrinsic clearance caused by enzyme inhibition.

In cirrhosis, intrahepatic shunts and sinusoidal capillarization cause a reduction of effective blood flow through the liver parenchyma. As a consequence, the flow-dependent clearance of drugs with a high extraction ratio is expected to become more and more capacity-limited as liver function worsens. These expectations were confirmed by Huet and Villeneuve[53], who showed that the extraction ratio of lidocaine was reduced from a mean control value of 0.64 to 0.31 in decompensated cirrhotics and that its clearance was no longer related to liver blood flow but rather became capacity-limited, that is dependent on the liver ability to metabolize the drug. These observations predict that the clearance of drugs with high extraction ratio becomes more and more sensitive to the action of metabolic inhibitors as liver dysfunction progresses.

Reduced liver uptake of the inhibitor
Reduced drug uptake by the cirrhotic liver has been observed in vitro for various structurally unrelated basic drugs[54].

Nature (reversible or irreversible) of the inhibitory interaction

The accumulation kinetics in the hepatocyte of reversible and irreversible inhibitors may be differ​entially affected by liver cirrhosis since reversibly binding molecules rapidly equilibrate between intra- and extracellular spaces, whereas binding of irreversible inhibitors is time-dependent and can proceed up to total enzyme inhibition if the inhibitor concentration exceeds that of the enzymatic protein.

Plasma protein binding of the drug with inhibited biotransformation
When the perpetrator of an interaction both inhibits the metabolism and causes displacement of the victim drug from its plasma protein-binding sites, displacement influences the magnitude of inhibitory DDIs[55].

In order to assess the influence of both reduced CYP expression and decreased liver perfusion on the magnitude of inhibitory DDIs in liver dysfunction, we examined the effect of cirrhosis on the inhibition of the metabolic disposition of a flow-dependent drug, lidocaine[29], and a capacity-limited drug, theophylline, using the reversible CYP1A2 inhibitor fluvoxamine[30]. Co-administration of therapeutic doses of fluvoxamine reduced the clearance of intravenously administered lidocaine on average by 60% in healthy subjects and caused a proportional prolongation of terminal half-life. Divergent results had been obtained by previous in vitro studies trying to identify the major CYP isoform responsible for lidocaine metabolism, as either CYP3A4[56] or CYP1A2[57] was suggested as the major CYP involved. The above result was the first in vivo demonstration that CYP1A2 is the main CYP enzyme responsible for lidocaine biotransformation. In patients with Child grade A cirrhosis, fluvoxamine inhibited lidocaine clearance to a significantly lower extent (40%), and no statistically significant modification of either clearance or half-life was produced in patients with Child grade C cirrhosis, in spite of the 3-fold higher steady-state plasma levels of fluvoxamine measured in this patient group (Table 1). Thus, contrary to theoretical predictions, the cirrhosis-associated conversion from flow-dependent to capacity-limited clearance does not increase the sensitivity to the action of metabolic inhibitors of drugs with flow-dependent clearance. Probably, the factors that reduce the sensitivity of drug clearance to metabolic inhibition overshadow the effect of clearance conversion. One such factor, the cirrhosis-associated decrease in hepatic CYP1A content (up to 80% in hepatocellular cirrhosis)[52], was proposed as the main determinant of the reduction of clearance inhibition, because a close correlation was observed between the decrease in clearance inhibition and the cirrhosis-associated decline in lidocaine clearance. A large reduction in CYP1A2 content drastically reduced its contribution to the overall lidocaine elimination, thereby minimizing the effect of its inhibition[29].

In a subsequent study[30], the influence of cirrhosis on the inhibitory effect of fluvoxamine was investigated using theophylline as a victim drug, since this drug is a CYP1A2 substrate with a very low extraction ratio (0.1[58]), i.e., with hepatic elimination characteristics opposite to those of lidocaine, which has an extraction ratio of about 0.7[59]. In this study, an identical protocol was used for fluvoxamine co-administration; whereas, due to safety concerns, theophylline had to be administered as an oral hydro-alcoholic solution. However, its oral bioavailability following administration as a solution is virtually complete (98%-100%[60,61]), which makes it possible to determine real phar​macokinetic parameters. Theophylline was also chosen because, unlike lidocaine whose primary metabolites undergo further biotransformations, its metabolites are directly excreted into the urine. This offers the considerable advantage of evaluating the effect of liver cirrhosis on the inhibition of the formation clearance of each metabolite. In spite of the much lower extraction ratio, the extent of theophylline clearance reduction by fluvoxamine was very similar to that observed with lidocaine in healthy subjects (64% and 60%, respectively). The degree of clearance inhibition also decreased in a quantitatively similar fashion with the progression of liver cirrhosis, since the slopes of the regression lines for the correlation between degree of clearance inhibition and Pugh’s score exhibited very close values: -5.4 (95%CI: -6.8 to -4.1) for lidocaine and -6.2 (95%CI: -7.3 to -5.0) for theophylline. The quantitative similarity of the effects of cirrhosis on the inhibition of lidocaine and theophylline clearances can be further appreciated from Table 1.

As shown in Figure 1, three metabolic pathways concur in theophylline metabolism. Formation of 1-methylxanthine (1-MX) and 3-methylxanthine (3-MX) is catalyzed almost exclusively by CYP1A2, whereas generation of 1,3-dimethyluric acid is also due (by about 40%) to CYPs 2E1 and 3A4. 1-MX is readily oxidized by xanthine oxidase and measured as 1-methyluric acid (1-MU) in urine. A comparison of the inhibitory effects of fluvoxamine on the formation clearance of theophylline metabolites in healthy subjects and cirrhotic patients (Table 1) provides a deeper understanding of the mechanisms whereby cirrhosis decreases the magnitude of inhibitory interactions. The formation clearances of the two metabolites formed exclusively by CYP1A2 (3-MX and 1-MU) were inhibited by almost 100% in healthy subjects. The degree of inhibition decreased drastically in cirrhotic patients, since the formation clearances of 3-MX and 1-MU were only inhibited by about a third in patients with Child grade C cirrhosis. A simple calculation shows that if the residual CYP activity in these patients were inhibited to the same extent as in subjects with normal liver function, their systemic clearance in the presence of fluvoxamine would be 0.150 mL/min per kg instead of 0.251 mL/min per kg. Hence, clearance inhibition would be about 50%, instead of 14% as actually observed. These considerations make it clear that cirrhosis-associated reduction in the extent of inhibition cannot be ascribed only to decreased hepatic content of CYP1A2 but is also due to a “reduced sensitivity” of residual CYP1A2 activity to the inhibitory action of fluvoxamine.

Of the mechanisms thus far proposed to explain impaired drug handling in liver disease (see above), only impaired drug uptake, with consequent reduction in the intracellular concentration of the inhibitory agent, provides a plausible explanation for the decreased inhibition of CYP1A2 activity in cirrhotic patients. In Child C patients, reduced inhibition of residual enzyme activity appears to be the main determinant of the attenuating effect of cirrhosis on the extent of fluvoxamine-theophylline interaction, since the degree of clearance inhibition would not be reduced from 64% to 14% (Table 1) but only to 50% if this mechanism were not operative. Thus, reduced liver content of CYP1A2 and reduced inhibition of its residual activity appear responsible for about 30% and 70%, respectively, of the decrease in the extent of this inhibitory interaction.

The observations that emerged from the analysis of this DDI have both clinical and mechanistic im​plications, as they indicate that, First, therapeutic doses of fluvoxamine cause almost complete inhi​bition of CYP1A2, thereby virtually abolishing the CYP1A2-mediated metabolic disposition of any drug in subjects with normal liver function. This may require substitution or substantial dose reduction of the victim drug in healthy subjects, whereas no dose modification may be necessary in patients with severe liver disease, in which the effect of CYP1A2 inhibition is hardly significant. Secondly, although indirect, evidence is provided supporting the hypothesis that reduced drug uptake is the main mechanism affecting hepatic drug handling in cirrhosis since, of the four mechanisms thus far proposed, only reduced drug uptake can explain both reduced hepatic clearance and the decreased inhibitory effect.

Most clinically relevant inhibitory interactions are the consequence of mechanism-based CYP inactivation, especially of CYP3A4[62,63], which meta​bolizes about 50% of drugs presently on the market. Since an early in vitro study had identified CYP3A4 as the enzyme mainly responsible for lidocaine metabolism[56] and the expression level of this CYP isoform had been reported to be markedly reduced in hepatocellular cirrhosis[52], our first study examining the cirrhosis-associated variability of inhibitory DDIs investigated the inhibition of lidocaine disposition by erythromycin[46]. As mentioned above, this antibiotic causes selective irreversible inhibition of CYP3A4 due to its conversion to a nitroso-alkane metabolite that forms a stable MI complex with this CYP enzyme. Contrary to expectations, pretreatment of subjects with repeated doses of erythromycin until steady state was attained, reduced lidocaine clearance by only 18% in healthy volunteers. As subsequently shown[29], this was because CYP3A4 plays a minor role in lidocaine metabolism. A very similar (about 20%) degree of inhibition was recorded in patients with either Child grade A or grade C liver cirrhosis. Although these findings indicated that cirrhosis does not affect the extent of irreversible inhibitory effects, the baseline low degree of clearance inhibition was such as to preclude the observation of any substantial reduction in the magnitude of this inhibitory interaction in cirrhotic patients. Therefore, a study was planned[47] that examined the inhibitory effect of erythromycin on the metabolic disposition of quinine, a validated probe of CYP3A4, since its major metabolite, 3-hydroquinone, is generated exclusively by this CYP isoform[64,65]. Quinine was also selected because, like theophylline, it has an absolute oral availability close to 100%[66], which makes it possible to determine the true values of its pharmacokinetic parameters. This drug has a low extraction ratio and is extensively bound in plasma (about 90%), mostly to AAG[67]. Therefore, it has a capacity-limited, binding-sensitive hepatic elimination, i.e., strictly dependent on the degree of plasma protein binding. In consideration of the possible decrease in the extent of quinine binding in plasma due to the cirrhosis-associated decrease of AAG concentration[68], and of the expected competition for protein binding sites with erythromycin, a drug exclusively bound to AAG[69], we determined both total and free quinine concentrations. This allowed us to evaluate the effect of erythromycin on both the free plasma concentration and unbound clearance of quinine which, for a capa​city-limited drug, is equal to intrinsic clearance[70]. The data reported in Table 2 show that the inhibitory effect of erythromycin on the total plasma clearance of quinine decreased with the progression of liver cirrhosis (from 33% in healthy subjects to a para​doxical 7% increase in Child grade C patients). Thus, they seem to indicate that liver dysfunction exerts similar effects on the magnitude of irreversible (erythromycin) and reversible (fluvoxamine; Table 1) inhibitory interactions. However, in apparent contrast with these findings, the formation clearance of 3-hydroquinone was reduced to similar extents (by approximately 60%) in controls and cirrhotic patients. These apparently discrepant observations are explained by considering the effects of erythromycin on protein binding and unbound (intrinsic) clearance of quinine. As also shown in Table 2, the degree of quinine plasma protein binding decreased and the extent of its displacement by erythromycin increased significantly (from 41% to 76%) with the severity of liver cirrhosis. A close correlation (r = 0.87, P < 0.001) was found between the increase in the displacing effect and the cirrhosis-associated increase of quinine free fraction. This observation is fully consistent with theoretical considerations predicting that the lesser the plasma-binding capacity, the greater the extent of displacement by a competitor of the bound drug[13]. The erythromycin effect on unbound (intrinsic) clearances, which is the only true measure of inhibition of quinine metabolism in the presence of changes in plasma protein binding, clearly indicated that irreversible inhibition of CYP-mediated metabolism is independent of liver functional status, since the unbound formation clearance of 3-hydroxyquinine was inhibited to virtually identical extents (by about 75%) in subjects with normal and impaired liver function. This indicated that, contrary to reversible binding, irreversible inhibitor binding to the target enzyme was not reduced by the morphological and functional changes caused by liver cirrhosis. The limited cirrhosis-associated decrease in the magnitude of the inhibition of unbound systemic clearance of quinine (about 30%) was consistent with the decreased liver content of CYP3A4 which, like CYP1A2, is markedly reduced in hepatocellular cirrhosis[52].

The total plasma clearance of a capacity-limited, binding-sensitive drug such as quinine is directly proportional to its free fraction[70]. Therefore, any factor causing an increase in unbound drug concentration (displacement interaction, decreased albumin or AAG plasma level) also causes an increase in clearance calculated on the basis of total plasma concentration. Thus, the cirrhosis-associated increase in the effec​tiveness of erythromycin as a displacer of quinine from plasma protein-binding sites (Table 2) causes an increase in clearance that masks the decrease in quinine clearance caused by inhibition of its meta​bolism. This explains the apparently paradoxical observation that the inhibitory effect of erythromycin on total plasma clearance of quinine progressively disappears as liver function worsens, despite its inhibitory effect on the metabolic disposition of quinine (unbound formation clearance of 3-hydroxyquinine) remains unaltered.

The results of the studies thus far performed indicate that reversible and irreversible enzyme inhibitions are differentially affected by liver cirrhosis. The magnitude of DDIs caused by reversible CYP inhibition decreases progressively to clinically negligible levels as liver function worsens. This is a general phenomenon, independent of the pharmacokinetic characteristics of the victim drug, since it is observed with drugs with both flow-dependent (i.e., lidocaine) and capacity-limited (i.e., theophylline) hepatic clearance. Two of the four possible mechanisms by which liver cirrhosis alters hepatic drug handling appear responsible for the decreased extent of the reversible inhibitory effect: (1) reduced hepatic uptake of the inhibitory drug, which is the quantitatively more important mechanism, and is consistent with a previous observation that various structurally unrelated drugs are taken up to a reduced extent by the isolated cirrhotic liver[54]; and (2) reduced expression of the inhibited CYP enzyme, since the hepatic content of various CYP isoforms is markedly decreased in cirrhosis[25,52]. In contrast with reversible inhibition, the degree of irreversible inhibition is not decreased by liver dysfunction. As observed with reversible inhibition, this conclusion holds irrespective of the hepatic elimination characteristics of the victim drug, because it is based on observations with both a flow-dependent (lidocaine) and a capacity-limited drug (quinine)[46,47]. Thus, only the less important mechanism, namely reduced hepatic content of the inhibited enzyme, may be operant in decreasing the magnitude of DDIs due to irreversible enzyme inhibition. It is worth noting that, in the two cases in which the contribution of this mechanism could be quantified[30,47], it appeared responsible for a similar (about 30%), limited reduction in the magnitude of the inhibitory interaction.

The analysis of the erythromycin-quinine interaction has also provided the first experimental demonstration that the decrease in plasma protein concentration associated with cirrhosis increases significantly the magnitude of drug interactions consequent to plasma protein-binding displacement. As displacement masks the consequences of enzyme inhibition, the effect on the total plasma clearance of the victim drug by any perpetrator causing both metabolic inhibition and plasma protein-binding displacement, will decrease with the increase in liver dysfunction. However, the free concentration of the victim drug will increase to hardly predictable levels. This has important clinical consequences when a drug causing plasma protein-binding displacement and metabolic inhibition is co-administered to a patient already stabilized with an appropriate drug dose, since the perpetrator will produce a dramatic increase in the free concentration and, consequently, the effect of the victim drug, in proportion to the degree of liver dysfunction. In such cases, only measurement of steady-state free concentration will allow an appropriate dose adjustment.

ENZYME INDUCTION

Induction is an adaptive response of mammalian organisms to the exposure to lipophilic substances, which results in increased disposition of xenobiotics by upregulation of drug-metabolizing systems and transporters. Enzyme induction is often defined as enhanced transcription and increased synthesis of drug metabolizing enzymes. Although prevalent, this is not the only mechanism responsible for the increased metabolic disposition of xenobiotics. Therefore, enzyme induction may be more generally defined as the increased amount or activity of a drug metabolizing enzyme following exposure to foreign substances, irrespective of the underlying mechanism, which may be of three types: pre-translational (enhanced transcription), translational (stabilization of the RNA transcript), and post-translational (stabilization of the enzymatic protein)[71]. Since the relevance of enzyme induction to xenobiotic metabolism has been recognized for more than 50 years, long before the underlying molecular mechanisms were unraveled, inducers have been traditionally classified on the basis of the spectrum of enzyme activities they increased. Starting from 1998, various experimental observations showed that enzyme induction is mainly the result of enhanced transcription due to the activation of transcription factors belonging to the superfamily of nuclear receptors. Following ligand binding, the ligand-receptor complex, which is usually localized to the cytoplasm, translocates to the nucleus, where it dimerizes with other transcription factors and interacts with coactivator proteins, thereby inducing the transcription of a battery of target genes[72-74]. Detailed knowledge of the properties and functions of these nuclear receptors now consents a classification of enzyme induction based on the type of receptor involved in the induction process. Seven nuclear receptors, described below, have been found to be involved in enzyme induction.

The aryl hydrocarbon receptor (AhR) is a member of the bHLH-PAS family of transcription factors[16]. Once activated, typically by pollutants such as dioxin and polycyclic aromatic hydrocarbons, this cytosolic receptor translocates into the nucleus where it dimerizes with another bHLH-PAS factor, the Ah receptor nuclear translocator (Arnt), and primarily induces the expression of genes encoding the CYP1A and 1B subfamilies of CYP enzymes.

The constitutive androstane receptor (CAR) is often referred to as an orphan receptor, since no endogenous high-affinity ligand is yet known. Only very few ligands, such as the antimycotic drug clotrimazole, bind directly to human CAR. Classical CAR activators, such as phenobarbital, do not bind to CAR, but stimulate indirectly its translocation from the cytoplasm to the nucleus, where CAR dimerizes with the retinoid X receptor. More than 70 enzymatic and non-enzymatic proteins have been reported to be induced via CAR activation, including CYP2B and CYP3A subfamilies and various phase Ⅱ enzymes such as glutathione-, glucuronyl- and sulfo-transferases[75].

The pregnane X receptor, which has approximately 40% identity with CAR in the ligand-binding domain, is activated by a great variety of structurally unrelated xenobiotics and endobiotics. Unlike CAR, a direct correlation between ligand binding and receptor activation has been shown for PXR. This nuclear receptor exhibits species-specific activation due to sequence differences in its ligand-binding domain. For example, pregnenolone 16-carbonitrile, which is the prototypical agent causing PXR-mediated induction of rat CYP3A, does not induce this CYP subfamily in rabbit or humans. Conversely, rifampicin, the most potent inducer of rabbit and human CYP3A, does not activate PXR and, consequently, does not induce CYP3A in rats. PXR activates the transcription of various genes encoding DMEs such as the CYP3A subfamily, CYP2B6, CYPs 2C8 and 2C9, some Phase Ⅱ enzymes such as glutathione-S-transferases, and transporters, such as multidrug resistance protein 1, multidrug resistance-associated protein 2, and organic anion transporting polypeptide 2 (OATP2), which are also under CAR regulation. Thus, CAR and PXR exhibit considerable cross-regulation of their target genes. In addition, several substances can activate both receptors. These largely overlapping specificities make it difficult to identify the precise mechanism of any inducer acting through activation of these nuclear receptors[75].

The peroxisome proliferator activated receptor (PPAR) family is comprised of three members: , , and . PPAR, which is localized to the nucleus, is the receptor of the fibrate class of the hypolipidemic drugs. In addition to fatty acid-metabolizing enzymes, PPAR induces the CYP4A subfamily of enzymes[76].

The glucocorticoid receptor (GR) regulates hundreds of genes, either directly by binding to the glucocorticoid response element of target genes, or indirectly, through an interaction with other transcription factors. As far as drug metabolism is concerned, GR positively regulates PXR expression, which plays an important role in the induction of CYP3A enzymes[77,78]. Recently, several CYPs as well as P-glycoprotein, have also been found to be directly regulated by GR[79].

The farnesoid X receptor (FXR) and the vitamin D receptor (VDR) are activated by bile acids and vitamin D, respectively. The former is considered a master regulator of bile acid homeostasis[80]; the latter, in addition to bone metabolism and calcium homeostasis, regulates cell growth and differentiation, immunomodulation, and other hormonal systems[81]. A limited involvement in CYP induction has been thus far demonstrated for these nuclear receptors; specifically, a binding site for FXR has been shown in the regulatory region of the CYP3A4 gene[82], and a VDR-mediated induction of biotransformations catalyzed by CYP3A has been observed[83].

The “ethanol-type” of induction of CYP2E1 is an exception to the transcriptional mechanism, as it is not mediated by the activation of an intracellular receptor but is due to both translational and post-translational mechanisms, i.e., stabilization of CYP2E1 mRNA and protein. This stabilization is the result of the binding of this type of inducers (ethanol, isoniazide, acetone) to both mRNA and enzymatic protein with consequent prevention of their catabolism[75].

Like enzyme inhibition, the induction potential of new molecular entities and the susceptibility of their metabolism to prototypical inducers are assessed in early stages of drug development in order to predict dose adjustment. However, the extremely wide variability (up to hundreds of times in healthy subjects[84]) of inductive effects makes any quantitative prediction particularly difficult. The biological factors contributing to inter- and intra-individual variability in enzyme induction, which have emerged from human in vitro and in vivo studies, are briefly outlined below:

Genetic factors

Polymorphism of the genes coding for the transporters that mediate the influx or efflux of inducing agents. As with drug-metabolizing enzymes, this can result in altered expression or functionality of the encoded transporters and, consequently, in different intracellular levels of inducers transported by polymorphic carriers. For example, CYP3A4 induction by rifampicin has been found to be reduced in cells overexpressing the drug-efflux transporter P-glycoprotein[85].

Polymorphism of the genes encoding the induced enzyme, since it has been clearly shown that induction by rifampicin of the metabolism mediated by the polymorphic enzyme CYP2C19 is observable only in EMs, not in PMs[86]. This apparently indicates that the presence of a fully functional allele is a necessary condition for inducibility.

Genetic polymorphism of nuclear receptors. In consideration of the central role that nuclear receptors and coregulators play in enzyme induction, genetic mutations resulting in altered expression or function of these proteins are expected to exert a marked influence on inducibility. These expectations have been confirmed by studies correlating AhR phenotypes with CYP1A1 induction. The inducibility of this CYP isoform in human lymphocytes has been found to be positively correlated with the expression of AhR and its heterodimerization partner Arnt[87]. In addition, two phenotypes, high and low inducibility, have been observed regarding CYP1A1 in human placenta. This polymorphic induction was due to the presence of two distinct AhRs displaying more than 20-fold differences in their ligand binding affinity[88]. In contrast to AhR, limited and inconclusive information is available about PXR and CAR genetic polymorphisms and their influence on the inducibility of the numerous enzymes regulated by these two nuclear receptors[17].

Physiological and environmental factors
Although age-related induction of DMEs has long been studied, the question of whether aging reduces inducibility remains controversial. Reduced enzyme induction in the elderly was reported in an early study[89], but more recent investigations could find no difference in the extent of induction between old and young individuals (see, e.g., Dilger et al[90] and Fromm et al[91]). Conflicting results have also been reported regarding sex-related differences. For example, induction of midazolam metabolism, a measure of CYP3A4 activity, by rifampicin appeared greater in men if oral clearance was measured, whereas induction was greater in women when systemic clearance was taken as a measure of midazolam biotransformation[92]. This and other observations suggest that sex-related differences in induction may depend on the tissue (intestinal or hepatic) and the CYP isoform involved[17]. Thus, no generalization can as yet be made regarding the effect of sex on the induction response.

Many dietary compounds act on nuclear receptors as agonists or antagonists. For example, resveratrol, which is present in red wines and various fruits and vegetables, prevents induction of CYP1A enzymes by inhibiting the binding of activated AhR to the promoter sequences of CYP1A genes and/or by acting as a competitive antagonist of ligands that activate AhR[16]. Antagonism at the AhR ligand-binding site is also the mechanism by which dietary flavones and flavonols inhibit, at low concentrations, CYP1A induction[93]. Therefore, the type of diet is another contributing factor to the variability of enzyme induction.

Like enzyme inhibition, induction has been shown to be profoundly altered in disease states, especially in inflammatory conditions and liver insufficiency. As discussed earlier in relation to enzyme inhibition, increased cytokine levels associated with inflammation suppress the basal expression of most CYP enzymes. Evidence showing that cytokines reduce CYP indu​cibility has also accumulated. For instance, a study with human hepatocytes showed that interleukin-6 and tumor necrosis factor  inhibit the induction of CYP1A enzymes by -naphthoflavone. Interleukin-6 also represses the induction of the CYP2B, CYP2C, and CYP3A subfamilies in consequence of a marked reduction in the expression of PXR and CAR[43].

Unlike enzyme inhibition, which has only recently been shown to be reduced in liver disease (see preceding section), the influence of liver functional status on enzyme induction has long been inves​tigated. However, conflicting results have been reported, and no coherent picture has emerged. Thus, it is not surprising that two previous reviews came to the opposite conclusions that enzyme induction is greatly curtailed[94] or not impaired in severe liver cirrhosis[95]. The purpose of the present review is to re-analyze the data so far obtained and to identify the factors (biological and/or methodological) responsible for the observed differential alterations of DME inducibility caused by liver dysfunction.

EFFECT OF CIRRHOSIS ON ENZYME INDUCTION

AhR-mediated induction
Few studies investigated the effect of liver disease on AhR-mediated enzyme induction. The first animal study to address this question[96] examined the inducing effect of the AhR activator -naphthoflavone in the classical rat model of experimental cirrhosis produced by prolonged administration of carbon tetrachloride (CCl4). Although cirrhosis was confirmed histologically in CCl4-treated rats, biochemical tests of liver function “were only marginally abnormal”, indicating mild liver dysfunction. Treatment with -naphthoflavone increased the CYP1A1-mediated aryl hydrocarbon (benzo--pyrene, BP) hydroxylase activity of liver microsomes to similar extents in control and cirrhotic rats. A second study, which examined AhR-mediated induction in CCl4-treated rats with “compensated micronodular cirrhosis” found that 3-methylcholantrene induced 7-ethoxycoumarin-O-deethylase activity to similar levels in normal and cirrhotic rats[97]. Thus, the results of both studies indicated that AhR-mediated induction is well preserved in mild cirrhosis.
The effect of liver disease on AhR-mediated induction was subsequently investigated in two human studies[98,99] by examining the inducing effect of smoking, a known AhR activator[75]. Because of the difficulty of obtaining truly abstinent smokers, both studies had to evaluate the effect of smoking by means of between-group comparisons (smokers vs non-smokers), rather than by intra-individual comparisons. One study[98], which used the CYP1A2 probe substrate caffeine, found that caffeine clearance was 40% lower in a group of patients with mild-to-moderate alcoholic cirrhosis, compared with healthy subjects. Among both healthy and cirrhotic subjects, caffeine clearance was almost twice as high in smokers than non-smokers. The other study[99] evaluated the clearance of antipyrine, a non-specific CYP probe, since it was principally designed to assess the overall drug metabolizing capacity of the liver. This study, which examined a mixed patient population with chronic active hepatitis C, with or without cirrhosis, noted that antipyrine clearance was significantly higher (about 80%) in smoking than non-smoking patients. These results are difficult to interpret as the biochemical indices of liver function were not reported, and a control group was not included.

As exemplified by the studies reviewed above, induction is assessed in animals by determining the effect of the administered inducer on the activity of the liver enzymes of sacrificed animals. Moreover, by measuring the mRNA and protein expressions of the induced enzymes and the relevant nuclear receptors, animal studies consent an identification of the mechanism(s) of induction (transcriptional, translational, and/or post-translational) and of the possible cirrhosis-associated alterations. Because of ethical considerations and practical limitations, such determinations (in tissues obtained at biopsy) can rarely be performed in human studies, and the inductive effect is generally inferred from changes in the pharmacokinetic parameters of a metabolic probe. Therefore, human studies provide clinically relevant information but no insight into the mechanisms underlying the effect of liver disease on induction.

Regarding AhR-mediated induction, the mechanism of cirrhosis-associated alterations was not investigated by the two animal studies described above[96,97], because the techniques for measuring mRNA and protein expression were not yet currently available. Thus, the mechanism by which cirrhosis may alter AhR-mediated induction remain to be elucidated. Moreover, both animal and human studies evaluated AhR-mediated induction in mild or moderate liver cirrhosis, and their observation that induction was substantially preserved was to some extent predictable, as significant alterations in the expression and/or activity of hepatic DMEs have consistently been observed only in animals or human beings with severe liver dysfunction[25,52]. Therefore, these studies left unresolved the question of whether this type of induction is compromised in the decompensated state of cirrhosis. To clarify these questions, a study was undertaken in our laboratory[100], which assessed the effect of liver dysfunction on AhR-mediated induction by measuring the mRNA and protein expressions of AhR and CYP1A enzymes, as well as CYP1A activity in rats rigorously stratified according to the severity of liver cirrhosis. To this purpose, rats were treated with CCl4, a method which produces animals with either compensated (corresponding to Child grades A and B) or decompensated (corresponding to Child grade C) liver cirrhosis, depending on the length of exposure to CCl4. Induction was obtained by administration of the prototypical AhR ligand BP. BP treatment caused marked proportional increases in mRNA and protein expressions as well as in the enzymatic activities of CYP1A1 and CYP1A2 in rats with normal and mild to moderate liver cirrhosis. In contrast, induced mRNA and protein levels as well as enzymatic activities of both CYPs were significantly lower in rats with decompensated cirrhosis; moreover, both constitutive and induced protein expressions of AhR were markedly lower in this animal group. These results indicated that the AhR-mediated inducibility of CYP1A enzymes is strictly related to the degree of liver dysfunction as it is still preserved in compensated cirrhosis, whereas it is markedly reduced when decompensation occurs. These findings have also clarified the mechanism by which cirrhosis reduces AhR-mediated inducibility, since the observation that induced mRNA level, protein expression, and enzymatic activity are proportionally decreased in rats with severe cirrhosis indicates that induction is compromised at the transcriptional level due to reduced expression of AhR.

CAR- and PXR-mediated induction
In the following discussion, CAR- and PXR-mediated inductions are grouped together because the most frequently used inducer, phenobarbital, is an activator of both nuclear receptors[75]. The pioneering work of Marshall and McLean[101] evaluated the inducing effect of phenobarbital by comparing hepatic microsomal CYP content and pyramidon demethylation (a non-specific marker reaction) in five healthy rats and five rats with varying degrees of liver cirrhosis, as assessed by histological examination. Although the authors observed that inducibility decreased as the severity of cirrhosis increased, this investigation provided only qualitative results, since differences were not statistically significant. The inducing effect of phenobarbital was also assessed by the two animal studies described above that evaluated the AhR-mediated induction in rats with mild liver cirrhosis[96,97]. The effect of the specific PXR ligand pregnenolone 16-carbonitrile was also assessed in one of these studies[96]. Like AhR-mediated induction, CAR- and PXR-mediated inductive effects remained quantitatively unaltered in animals with compensated cirrhosis.
Numerous clinical studies have evaluated the effect of liver dysfunction on enzyme induction mediated by CAR and PXR. However, no clear picture has emerged from these studies, since they yielded very conflicting results. As most of these investigations date back to the 1960s and 1970s, they do not comply with the methodological standards now required for pharmacokinetic studies in patients with liver disease[102], and their discrepant conclusions can often be ascribed to methodological differences. For example, they either included or did not include a control group of healthy subjects. Moreover, few studies made intra-individual comparisons, i.e., before and after inducer treatment. Because of ethical concerns relating to the administration of repeated doses of a non-therapeutic inducing agent to patients with severe liver dysfunction, most studies had to rely on hepatopathic patients taking an inducer for therapeutic purposes and, consequently, made interindividual comparisons, i.e., between patient groups taking and not taking inducing drugs. In this type of studies, the generally large variation in individual metabolic clearances may mask the effect of the inducer. An additional reason why the complex of these studies did not provide clear indications about the effect of liver disease on induction is due to the lack of rigorous criteria of patient selection, as they often examined pathologically heterogeneous populations, including patients with both compensated and decompensated liver cirrhosis or with unspecified degree of liver dysfunction. These studies have been analyzed individually in our previous review[18] and will not be further discussed. Somewhat clearer indications have been provided by two studies that examined either a patient population with sufficiently homogeneous liver pathology[103] or patient groups stratified according to the severity of liver dysfunction[104]. In the former study, a considerable difference was observed in rifampicin autoinduction between healthy subjects and patients with severe cirrhosis, since rifampicin through concentration decreased on average by 60% in healthy subjects following a 17-d rifampicin course, whereas it remained unaltered in cirrhotic patients. However, the statistical power of this study was limited, since it evaluated only four subjects per group. The latter study, in which patients were stratified in three groups according to the severity of liver disease (assessed from histological findings), evaluated enzyme induction by measuring morphine demethylase activity (a CYP3A4 marker reaction) in hepatic tissue obtained at biopsy and antipyrine half-life (a non-specific metabolic probe). Within each group, these parameters were compared between patients taking or not taking enzyme-inducing drugs (phenobarbital, phenytoin, or glutethimide) for therapeutic purposes. Morphine demethylase activity was significantly greater and antipyrine half-life significantly shorter in smokers belonging to a control group of healthy subjects and the two patient groups with mild-to-moderate liver dysfunction, whereas no significant difference between smokers and non-smokers was observed in the group with more severe liver disease.

The above considerations make it clear that the studies performed thus far could not provide an exhaustive and clear picture of the effect of liver dysfunction on CAR- and PXR-mediated induc​tion. The three studies using animal models of cirrhosis[96,97,101] provided limited information because they examined animals with essentially mild liver dysfunction. Although the results of the two human studies described above[103,104] suggested that inducibility is preserved in mild to moderate liver dysfunction, whereas it is compromised in severe hepatic insufficiency, definitive conclusions can only be provided by studies making intra-individual comparisons in patient and control groups of adequate sizes. As ethical and practical constrains virtually preclude the possibility of performing human studies complying with such methodological standards, we recently re-evaluated the effect of liver cirrhosis on the PXR-mediated induction of CYP3A enzymes in control and cirrhotic rats obtained by treatment with CCl4, according to an experimental protocol identical to that previously used to assess the effect of cirrhosis on AhR-mediated induction (see above). To this purpose, control and cirrhotic rats, stratified according to the severity of liver insufficiency, were treated with the PXR activator dexamethasone (DEX), which had been shown to be the most effective inducer of rat CYP3A enzymes[105]. Unlike AhR, for which transcription was found to be reduced in the presence of liver cirrhosis[100], PXR mRNA and protein expressions were not reduced by liver function impairment. Consistent with this observation, DEX significantly increased mRNA level, protein content, and enzymatic activity of CYP3A1 in healthy and cirrhotic rats, irrespective of the degree of liver dysfunction. However, CYP3A2 induction proved to be susceptible to liver dysfunction, since the inducing effect of DEX on CYP3A2 mRNA and protein expressions, and its enzymatic activity were greatly curtailed when liver insufficiency became severe. A plausible explanation for this apparent discrepancy may be provided by the observation that the mRNA expressions of CYP3A1 and CYP3A2 are not coordinately regulated in response to DEX, since the mRNA level of CYP3A1 is increased by DEX to a far greater extent than that of CYP3A2[105,106]. Thus, it is conceivable that the gene transcription of CYP3A2 involves PXR co-activators that are more sensitive to the alterations associated with liver cirrhosis. Although the precise mechanism responsible for the selective impairment of CYP3A2 transcription remains to be elucidated, these results make it clear that no general conclusion can be drawn from the study of any particular enzyme, because even the induction of CYP isoforms under the transcriptional regulation of the same nuclear receptor may be differentially affected by liver dysfunction.

CONCLUSION
The experimental observations discussed in this review have important clinical implications. In patients with mild to moderate liver dysfunction, dose adjustment of drugs coadministered with an inhibitor or an inducer of their metabolism should be similar to that adopted for healthy subjects.

Management of inhibitory drug interactions in patients with severe liver dysfunction depends on the mechanism of the enzyme inhibition, since reversible and irreversible inhibition are differentially affected by liver disease. Virtually no dose adjustment is needed following coadministration of a reversible inhibitor, as the inhibitory effect becomes negligible in advanced hepatocellular insufficiency. The magnitude of irreversible inhibition is only partially decreased in severe liver dysfunction and the extent of such a reduction is expected to vary in proportion to the reduction in the expression of the inhibited enzyme, which cannot be measured in clinical practice. Therefore, individual dose adjustments are necessary, ideally based on therapeutic drug monitoring. When inhibition of metabolism is accompanied by displacement from plasma protein-binding sites, the free concentration of the victim drug increases in proportion to the degree of liver dysfunction. Therefore, free plasma drug concentration should be measured in order to manage appropriately such an interaction.

No general guidelines can as yet be proposed for the management of drug interactions resulting from enzyme induction in patients with decompensated cirrhosis, since definitive clinical studies have not yet been performed and animal studies have indicated that the effect of severe liver dysfunction on inducibility depends on both the type of nuclear receptor and the enzyme isoform involved. Thus, when such an interaction cannot be avoided, both the effects and the plasma concentration of the induced drug should be strictly monitored.

The observation that liver cirrhosis drastically modifies the magnitude of DDIs consequent to enzyme inhibition or induction also has important methodological implications. In vitro[10-12] and in vivo[107] methods used to predict the extent of DDIs caused by changes in CYP activity apply only to healthy subjects. Furthermore, the last FDA draft guidance to Drug Interaction Studies[108] states that clinical studies “can be performed using healthy volunteers, and findings in healthy volunteers will predict findings in the patient population for which the drug is intended.” Only phenotype or genotype determinations are recommended for the selection of the study population, if the relevant enzyme or transporter is polymorphically expressed. However, the data discussed in this review make it clear that, in addition to genetic polymorphisms, liver functional status is also an important determinant of the extent of pharmacokinetic interactions due to enzyme inhibition or induction. Therefore, results obtained in healthy subjects cannot be extended a priori to patients with liver disease.
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Figure 1  Metabolic pathways of theophylline. Numbers in parentheses indicate percentages of urinary metabolites in adult humans. Theophylline is hydroxylated at the C8 position to form 1,3-dimethyluric acid and demethylated at the N1 and N3 positions, to yield 3-methylxanthine and 1-methylxanthine, respectively. The latter undergoes subsequent oxidation, by xanthine oxidase, to 1-methyluric acid. CYP1A2 is responsible for about 80% of theophylline metabolism[30].
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Table 1  Differential inhibitory effects of fluvoxamine on systemic lidocaine and theophylline clearances, and on partial metabolic clearances of theophylline in healthy subjects and cirrhotic patients


Parameter


�
Healthy subjects


�
Patients with cirrhosis


�
�
�
�
Child A


�
Child C


�
�
�
Placebo


�
Fluvoxamine


�
Placebo


�
Fluvoxamine


�
Placebo


�
Fluvoxamine


�
�
CL lidocaine


�
12.10 ± 3.38


�
 4.85 ± 4.85c


�
9.83 ± 3.99


�
   5.06 ± 1.75c


�
 4.21 ± 1.56e


�
3.65 ± 0.99


�
�
Inhibition (%)


�
60 (53-77)


�
44 (28-59)


�
   9 (0-19)e


�
�
Fluvoxamine AUC0-14


�
�
866 ± 331


�
�
1277 ± 381


�
�
2316 ± 790d


�
�
CL theophylline


�
  0.825 ± 0.201


�
 0.302 ± 0.080c


�
0.660 ± 0.231


�
   0.310 ± 0.104a


�
  0.296 ± 0.124d


�
0.251 ± 0.151


�
�
Inhibition (%)


�
64 (59-69)


�
55 (46-66)


�
14 (0-29)


�
�
CLf 3-MX


�
  0.192 ± 0.069


�
 0.008 ± 0.007c


�
0.124 ± 0.051


�
   0.011 ± 0.017c


�
  0.037 ± 0.012d


�
 0.023 ± 0.013a


�
�
Inhibition (%)


�
  97 (93-100)


�
  92 (84-100)


�
  38 (18-58)


�
�
CLf 1-MU


�
  0.220 ± 0.089


�
 0.021 ± 0.019c


�
0.178 ± 0.072


�
   0.026 ± 0.018c


�
  0.066 ± 0.025d


�
 0.039 ± 0.019a


�
�
Inhibition (%)


�
93 (89-98)


�
83 (73-93)


�
  36 (15-57)


�
�
CLf 1,3-DMU


�
  0.290 ± 0.070


�
 0.136 ± 0.024c


�
0.222 ± 0.058


�
   0.138 ± 0.026c


�
  0.087 ± 0.040d


�
0.079 ± 0.037


�
�
Inhibition (%)


�
58 (49-67)


�
43 (29-58)


�
  7 (0-22)


�
�
CLR theophylline


�
  0.123 ± 0.033


�
0.136 ± 0.030


�
0.136 ± 0.050


�
  0.135 ± 0.043


�
0.106 ± 0.047


�
0.110 ± 0.062


�
�
Inhibition (%)


�
-


�
-


�
-


�
�
Fluvoxamine Css


�
�
75 ± 26


�
�
  95 ± 40


�
�
130 ± 26b


�
�
Data are taken or calculated from Orlando et al[29] 2004 and Orlando et al[30] 2006; all clearance values are expressed as mL/min per kg; inhibition values are given as means with 95% confidence limits. aP < 0.01, cP < 0.001 vs placebo; eP < 0.001 vs healthy subjects; bP < 0.01, dP < 0.001 vs healthy subjects and Child’s grade A patients. CL: Systemic clearance; CLf: Formation clearance; 3-MX: 3-methylxanthine; 1-MU: 1-methyluric acid; 1,3-DMU: 1,3-dimethyluric acid; CLR: Renal clearance; AUC0-14: Area under plasma-concentration-time curve from 0 h to 14 h at steady state (ng/h/mL); Css: Steady-state trough concentration (ng/mL).





Table 2  Effect of erythromycin on the pharmacokinetic parameters of quinine and 3-hydroxyquinine in healthy subjects and cirrhotic patients


Parameter


�
Healthy subjects


�
Patients with cirrhosis


�
�
�
�
Child A


�
Child C


�
�
�
Placebo


�
Erythromycin


�
Placebo


�
Erythromycin


�
Placebo


�
Erythromycin


�
�
CL quinine


�
1.775 ± 0.310


�
  1.161 ± 0.309a


�
  1.504 ± 0.362


�
  1.040 ± 0.303a


�
   1.281 ± 0.394b


�
1.401 ± 0.534


�
�
Inhibition (%)


�
33 (27-38)


�
30 (26-34)


�
 -7 (-16-2)f


�
�
CLf 3-hydroxiquinine


�
0.174 ± 0.051


�
  0.059 ± 0.017c


�
  0.140 ± 0.077


�
  0.056 ± 0.032c


�
   0.085 ± 0.028d


�
 0.037 ± 0.023c


�
�
Inhibition (%)


�
65 (61-70)


�
61 (56-67)


�
59 (46-72)


�
�
Unbound quinine (%)


�
6.7 ± 0.8


�
  9.4 ± 1.0c


�
  7.1 ± 1.6


�
10.3 ± 2.8c


�
11.9 ± 3.7f


�
 19.9 ± 5.5c,f


�
�
Increase (%)


�
41 (28-55)


�
45 (33-55)


�
    76 (42-111)b


�
�
CLu quinine


�
26.81 ± 11.49


�
12.30 ± 3.16c


�
21.18 ± 8.45


�
10.10 ± 3.88c


�
10.95 ± 2.19f


�
   7.24 ± 2.77b,c


�
�
Inhibition (%)


�
51 (44-59)


�
50 (45-55)


�
  35 (21-48)b


�
�
CLuf 3-hydroxiquinine


�
2.63 ± 0.88


�
  0.64 ± 0.20c


�
  1.97 ± 1.09


�
  0.55 ± 0.31c


�
  7.01 ± 3.33f


�
   4.06 ± 2.58a,d


�
�
Inhibition (%)


�
75 (70-80)


�
73 (70-77)


�
 74 (64-84)


�
�
Erythromycin Css


�
�
 1.33 ± 0.25


�
�
 1.18 ± 0.44


�
�
1.85 ± 1.00


�
�
Data are taken or calculated from Orlando et al[47]; all clearance values are expressed as mL/min per kg; inhibition or increase values are given as means with 95% confidence limits. aP < 0.01, cP < 0.001 vs placebo; bP < 0.05 vs healthy subjects and patients with Child grade A cirrhosis; dP < 0.001 vs healthy subjects and P < 0.05 vs patients with Child grade A cirrhosis; fP < 0.001 vs healthy subjects and patients with Child grade A cirrhosis. CL: Systemic clearance; CLf: Formation clearance; CLu: Unbound systemic clearance; CLuf: Unbound formation clearance; Css: Steady-state trough concentration (g/mL).








