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The principal organs of drug elimination are the kidney and the
liver. Alterations in the function of these organs are often associated
with marked changes in unbound plasma drug concentrations with a given
drug regimen. Such changes may result in adverse effects of the drugs
when levels are elevated or in failure to achieve therapeutic goals
when levels are depressed.

The role of the kidney in drug elimination is reasonably well
understood. For the most part it eliminates drugs by excreting them
unchanged in the urine. Most clinicians are familiar with the use of
the creatinine clearance to alter dosages of drugs eliminated primarily
by renal excretion. Under some conditions changes in protein bind-
ing of drugs and consequently their tissue distribution occur in renal
disease. These may also affect drug elimination.

Less well understood is the role of the liver in drug elimination.
Although it may excrete certain substances unchanged in the bile, e.g.,
indocyanine green, its greatest contribution by far to drug elimination
is through its capacity to metabolize drugs to inactive forms or to forms
which can be readily excreted. This drug metabolism or biotransforma-
tion, as it is sometimes called, is carried out by a number of enzyme
systems with broad substrate specificities (Table 1). The activities
of these enzyme systems are influenced by genetic, pharmacologic,
hormonal, and nutritional factors.

No predictor of hepatic drug elimination analogous to the creat-
inine clearance is known. Consequently in recent years a great deal
of research has been carried out to determine the factors which influence
hepatic drug elimination in the hope that a rational approach to drug
therapy in liver disease could be developed. Although the final goal
has not been reached, many of these factors are better understood now
and there is hope for the development of guidelines in the near future.

Possible Benefits From Better Understanding of Hepatic Drug Metabolism

1. Ability to predict altered dose requirements of drug based on
some measure of hepatic function,

2. Use of drug metabolism measurements as tests of liver function,

3. Better understanding of conditions under which some drugs which
are metabolized by the Tiver become hepatotoxic (2).



Table 1. General pathways of drug metabolism
by nonspecific enzymes in liver.

Phase I Reactions

Oxidations
hydroxylations
dealkylations
oxide formation
desulfuration
dehalogenation
alcohol oxidation
aldehyde oxidation

Reductions
aldehyde reduction
azoreduction
nitroreduction

Hydrolyses
de-esterification
deamidation

Localization of Enzymes

microsomes
microsomes
microsomes
microsomes
microsomes

soluble, microsomes (minor)

soluble

solubie
microsomes
microsomes, soluble

microsomes, soluble
microsomes, soluble

Phase II Reactions

glucuronide conjugation

acylation
methylation

mercapturic acid formation

sulfate conjugation

Localization of Enzymes
microsomes
mitochondria, soluble
soluble
soluble
soluble

(from ref. 1)



Hepatic and Intestinal Drug Elimination in Perspective
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Fig. 1. Simulated time course of drug concentration in blood
after intravenous and oral administration. The concen-
tration scale is logarithmic,

Definitions (for more details see 3):

1. Elimination refers to irreversible removal of drug per se from
the body. This results from excretion or metabolism. Metabolites may
or may not accumulate.

2. Systemic availability refers to the fraction of drug which
reaches the systemic circulation. When a drug is given intravenously,
its systemic availability is 1. When a drug is given orally, its
systemic availability may be reduced by: a) incomplete absorption
(Tow bioavailability), b) elimination by the intestinal mucosa during
absorption, and c) elimination during its first pass through the liver.
In Fig. 1 the areas under the curves after oral and intravenous adminis-
tration are the same indicating an oral systemic availability of 1.

3. Elimination kinetics. In most instances drug elimination is
first order, i.e., a fixed fraction of the drug present is eliminated
per time unit. This results in a Tinear plot on a logarithmic scale as



seen in Fig. 1. The finding of first order elimination implies that the
elimination mechanisms are functioning far below their maximal capacity
or saturation. In a few instances, e.g., ethanol and diphenylhydantoin,
elimination mechanisms may become saturated and elimination may be zero
order. This means that a fixed amount of drug is eliminated per time
unit. Under these conditions blood levels of the drug will rise much
more for a given dosage increment than when first order kinetics pertains.

APPARENT VOLUME OF DISTRIBUTION

lé, =005 I/kg

Fig. 2. Examples of Tow, intermediate, and high V,'s. The small
square represents the plasma and is intenged to be 5% of
the total tissue volume represented by the Targer square.
The dots represent drug molecules.

4. Apparent volume of distribution (V,) of a drug is the rela-
tionship between the amount of drug in the gody and the plasma drug
concentration after absorption and distribution. With the aid of this
value, expressed in liters/kg or Titers, plasma drug concentration

can be used to calculate total body burden of the drug. If all the
drug is present in the plasma the V, would be the same as plasma volume
(about .05 liter/kg) but if the dru8 distributes extensively in the
tissues, this value may be many liters/kg.

5. Half-life of a drug is the time required for elimination processes
to effect a halving of plasma drug concentration. This is applicable
when elimination kinetics are first order. Since plasma drug is in
equilibrium with total body drug, this implies that the total body burden
of drug is halved also.

6. Clearance is most often used in connection with urinary excre-
tion but it is possible to define total body clearance of a drug if elimi-
nation is first order. It is the rate of elimination of the drug by the
body (sum of all elimination pathways) divided by the average plasma con-
centration of the drug. Intuitively clearance must be related to half-life
and also to Vd' It can be expressed:



Cl; = 0.693 °

3
Nl =%
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Thus, half-1ife alone does not define clearance and the use of half-Tife
alone as an indication of drug elimination or clearance is inadequate.

V, must also be considered. Clearance determines the plasma drug level
aghieved with a given dose rate.

Now that we have defined our terms and the total-body clearance
(C]T) concept has been introduced it can be readily appreciated that

Cl. = C]H + C]R t sss

.
where C1H is hepatic clearance and C1, is renal clearance. Pulmonary
and skin 'clearances may be important Bn some cases. When drug
elimination is virtually all due to urinary excretion this term
reduces to

C]T = C]R

In that case the creatinine clearance can often serve as a guide in
designing a drug regimen. If both kidneys and liver contribute sig-
nificantly to drug elimination, decreased clearance by one pathway
may be offset by the other with only a minimal rise in plasma concen-
tration since first order kinetics usually are operating. In recent
years it has been appreciated that many drugs are cleared almost
exclusively by the liver, i.e.,

C]T = C]H

This has led to numerous studies of factors influencing C1, of these
drugs and has resulted in proposal of a model describing CﬁH.

Hepatic Clearance

Hepatic clearance can be expressed:

- _ Ca-Cv
C]H =QE = Q (—Eg—"o

where Q is hepatic blood flow and E is the extraction ratio defined as
the fraction of the drug present in the blood entering the Tiver which

is removed by that organ. Ca and Cv are the drug concentrations in blood
entering and leaving the liver, respectively.

Experimentally, it has been shown that some drugs have a high
extraction ratio and thus one pass through the liver almost results in
their complete removal. Other drugs have a very low extraction ratio
and their elimination characteristics are quite different.

A model has been proposed to account for these characteristics
and to quantitate them (4,5). At the heart of this model is the

intrinsic clearance (C]int)' This is defined as the maximum rate



of drug elimination by the Tiver in the absence of blood flow limitations.
It is characteristic for a given drug and a given set of physiological
conditions. C1, . is an attempt to dissociate the factors responsible
for Gl Logic%??y these factors are: 1) the rate at which drug

is broUght to the Tiver (Q) and 2) the ability of the liver to eliminate
drug presented to it (Cl. .). Using these new terms the model redefines

extraction: int
B C]int
L+ C11'n1:
Thus, if C1. is very high relative to Q, E will be nearly 1 and will be

changed ver}n¥itt1e by alterations in Q. In this case Cl, is said to
be flow dependent since C1, = QE and E is nearly 1. ChanBes in Q will
result in equivalent changgs in C1,. Drugs with very high hepatic
extraction ratios are said to be f?ow-dependent.

When C1. is very small relative to Q, then E will vary inversely
with Q and tﬁ?g tends to counteract the effects of blood flow alterations.
Under these conditions (low Cl._.) then C1H tends to be independent of
Q and drugs with Tow C1. are1@£rmed flow-independent. These hypotheses
have been supported by 1A¥ma1 experiments (6,7).

Since flow-dependent drugs are almost totally extracted in one
pass, the extent of binding in the blood (f,) plays a minimal role in their
clearance under most circumstances. The implication is that as un-
bound drug is eliminated, bound drug dissociates rapidly enough to be
cleared. The situation is different with flow-independent drugs.
Some are called binding-sensitive in which case high binding may
restrict elimination. Some are binding-insensitive, the fraction of
drug bound not affecting elimination. Obviously, the extent of
drug binding in the blood may affect the Vd and lead to alterations in
clearance in that way also.

First Pass Effect

The first pass effect is an important determinant of the systemic
availability of a drug. Before it reaches the systemic circulation an
orally-administered drug must negotiate two potential sites of elimination:
the intestinal mucosal cell and the Tiver.



Table 2. Pharmacokinetic classification of some drugs
eliminated primarily by hepatic metabolism (from 8

1

Drug Approximate fa (%)
Extraction Ratio
Flow-dependent Lidocaine .83 45-80
Propranolol .6-.8 93
Meperidine 6-.95 60
Propoxyphene .95 -
Morphine 5-.75 35
Flow-independent, Diazepam .03 98
binding-sensitive
Tolbutamide .02 98
Warfarin .003 99
Digitoxin .005 97
Flow-independent, Theophylline .09 59
binding-insensitive
Amobarbital .03 61
Antipyrine .07 10
Acetaminophen .43 <5
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Fig. 3. Schematic view of route orally administered drug
must take to reach systemic circulation. The
intestinal mucosa and the Tiver are potential sites
of elimination.

Enzyme systems for drug metabolism are present in the intestinal
mucosal cell (9). These systems can be induced by cigarette smoking,
eating charcoal-broiled meat, and eating cabbage or brussels sprouts (10,11).
Under some of these conditions the systemic availability of phenacetin
has been shown to be Towered markedly. Virtually nothing is known
about how intestinal disease affects mucosal cell drug metabolism.
Potentially this is very important.

Drugs with a high hepatic extraction ratio may be almost completely
eliminated before reaching the systemic circulation. This requires
that oral doses of such drugs be much higher than parenteral doses. If
E=.90 and Q = 1.5 1/min then C1int = 13.5 1/min by

Clint’

E = ———————
Q+ C]1'nt

Doubling C1. (by enzyme induction, for example) to 27 1/min increases
E to .947 wﬁ?gh is a small increase and has little effect on terminal

half-1ife. But when E = .90, 10% of the absorbed drug would be system-
ically available; and when E = .947, only 5.3% would be available. Thus



raising intrinsic clearance of flow-dependent drugs markedly diminishes
their systemic availability but has Tlittle effect on systemic clearance
(which is more affected by blood flow changes).

Drugs with a low extraction ratio (E = .10) have a small hepatic
first-pass effect (90% available). Doubling C1. . from .17 to .34 1/min
raises the E to .185 and Towers systemic ava11a59f1ty only trivially
(from 90% to 81.5%). However, since C1, is flow-independent and directly
dependent on C1, £ systemic clearance Wi]1 be markedly increased and
half-Tife will BB*shortened markedly.

General Physiological and Pathophysiological Considerations

Drug metabolizing enzymes. Cl. . is often dependent on the activity
of enzymes for which the drug is suBEErate. Thus changes in the activity
of those enzymes can result in Cl, , changes. Aside from the effects of
disease many other factors may in}?ﬁence these activities. Genetic (12),
nutritional (13), and environmental (14) effects have been documented.
Especially important are pharmacological interactions. Several commonly-used
drugs-barbiturates, diphenylhydantoin, rifampicin (15,16) - are known
inducers of drug metabolizing enzymes. Patients receiving these agents
may have increased C]int for some drugs.

Inhibition of drug metabolizing enzyme systems by therapeutic
agents has also been documented. Chloramphenicol inhibits the elimination
of tolbutamide (17) presumably through its effect on the hepatic
cytochrome P-450 system (18). Probenecid inhibits the metabolism
of azathioprine to 6-mercaptopurine, a drug activation, by blocking
glutathione S-transferase activity in liver (19). Ethanol may either
inhibit or stimulate drug metabolism (20,21).

Hepatic blood flow. Changes in total hepatic blood flow could
lead to marked changes in clearance of endogenous substances and drugs
which have a high C1. ., i.e., they are flow-dependent. About two-thirds
of hepatic blood flowts supplied by the portal vein with the rest coming
from the hepatic artery. It has been recently hypothesized that a
major function of the hepatic artery is to maintain hepatic blood flow -
and thus metabolic clearances - constant in the face of changes in portal
blood flow (22). In spite of this, published values of hepatic blood flow
in normal subjects vary widely (23). At the present time then, the
factors which determine hepatic blood flow are not known with certainty.

Portal-systemic shunts result in elimination of the hepatic
contribution to the first-pass effect. Marked increases in systemic
availability of highly extracted drugs have been demonstrated in dogs
after end-to-side portacaval shunts (24). For this reason oral doses
of drugs with a large first-pass effect should be decreased in patients
with portal-systemic shunts.

Liver disease. Liver disease may alter all the factors determining
C1,. Hepatic blood flow may be decreased and portal-systemic shunting
may be present. Hepatic mass may be diminished with consequent decrease
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in C1., £ Binding of the drug in the blood may be altered because of
changég in plasma protein concentrations or by accumulation of sub-
stances, e.g., bilirubin, which can displace drugs from binding sites.
Cholestasis has been associated with decreases in hepatic drug metabolizing
enzymes in animals (25), but studies in patients with cholestasis have not
shown consistent decreases in drug metabolism (26).

Specific Drugs

Antipyrine. Antipyrine and the related aminopyrine (27,28) are the most
commonly used drugs for assessing the hepatic cytochrome P-450 system in

man. They are well suited for this because 1) systemic availability is
almost 1, 2) distribution is rapid and protein binding is minimal, 3) less
than 5% is excreted unchanged, and 4) virtually all metabolism takes

place in the Tiver.

Antipyrine has a Tow Cl, . and is considered to be flow-independent.
Cl, + SD = 48 + 9.0 ml/min (ﬁ"! 29) in one study of normal persons (29).
ThErefore changes in its clearance might be expected to reflect the
activity of its metabolizing enzymes (cytochrome P-450 system). Genetic
studies indicate a wide range of clearances which, however, change
little for an individual at different times if conditions are similar
(29) and identical twins have similar clearances (12). Exposure of patients
to cytochrome P-450-inducing drugs causes an increase in clearance (15).
Because of the wide individual variation and the susceptibility to
alteration by other agents, the clearance of antipyrine may not correlate
with other measures of liver function (27). For this reason it and other
drugs like it are not very useful for assessing hepatic mass or function
in an individual, although significant differences are seen between
groups with and without Tiver disease.

Lidocaine. Lidocaine is highly extracted (E = 0.7) and is there-
fore flow-dependent under most circumstances (30). For this reason
patients with low-flow states, such as heart failure, may have impaired
clearance (31). The high extraction also explains the need to give
lidocaine parenterally.

Lidocaine clearance has been studied in patients with acute viral
hepatitis and with cirrhosis and found to be decreased in most patients
(32). However, some with viral hepatitis showed no change or an in-
creased clearance. Attempts to correlate lidocaine and indocyanine green
clearances in these patients failed. Thus no concrete rules for Tidocaine
administration can be given but special caution should be exercised in
patients with Tow-flow states and in patients with liver disease.

Theophylline. Theophylline is metabolized extensively by the
hepatic cytochrome P-450 system and has a Tow C1, _, (8). Thus it
should be flow-independent. A high incidence of195verse reactions
has been noted in patients with hepatic dysfunction who received
theophylline (33).
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A recent study of cirrhotics (34) has demonstrated impaired clear-
ance of the drug, which was marked in some patients, but no change in
V, was found. This means that dosage schedules of theophylline should
bg revised in patients with Tiver dysfunction. The only predictive
factor found was that a serum albumin of less than 3 g/d1 was assoc-
jated with markedly diminished clearance. Those authors suggest use
of theophylline Tevels as a therapeutic guide.

Diazepam (Valium®) and Oxazepam (Serax®). Diazepam is one of the
most widely-used drugs in medical practice. Its tranquilizing effects
are often needed in patients with liver disease but these patients may
suffer hepatic encephalopathy due to its inappropriate use. It is
important then to understand the effects of liver disease on its
metabolism.

Insignificant amounts of unchanged diazepam are excreted in the
urine and the bile (35). The drug is metabolized almost exclusively in
the liver (Fig. 4). The major metabolite is demethyldiazepam which
is hydroxylated in the Tiver to form oxazepam. Oxazepam is conjugated
with glucuronic acid and excreted in the urine. Diazepam, demethyldiazepam,
and oxazepam are all pharmacologically active.

diazepam
demethylation
deme%%y]diazepam
hydroxylation
N2

oxazepam

glucuronidation

vV
oxazepam glucuronide

Fig. 4. Metabolism of diazepam in the Tiver.

Systemic availability of diazepam is around 75%, likely due to
1ncomp1ete absorption (35). Its V, is increased in older persons but C]T
is unaffected by age (35) gnd therefore E are low so C1T should
be flow-independent but sens1t10£ to changes in C11nt

Indeed, studies of patients with cirrhosis and with acute viral
hepatitis have demonstrated marked decreases in diazepam clearance (35).
No correlation could be established, however, between C]T and any
standard tests of Tiver function.

Demethyldiazepam accumulates in patients treated with diazepam.
Its subsequent hydroxylation to oxazepam is considerably slower than
its formation rate (35,36). The Cl.. of demethyldiazepam has also been shown
to be decreased in patients with citrhosis (36).
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Oxazepam does not accumulate in patients treated with diazepam
because of its rapid glucuronidation and excretion (36). Since it is
an effective tranquilizer, its disposition has been studied in patients
with cirrhosis and with viral hepatitis (37). No parenteral preparation
is available so complete study of pharmacokinetic parameters was not
possible. However, apparent oral clearance, Vd’ and T, were unaffected
by either type of liver disease. Furthermore, chronic?administration
of the drug resulted in similar plasma levels in subjects with and
without Tiver disease. Based on these findings, it has been recommended
that oxazepam be used as the tranquilizer-sedative of choice in patients
with liver disease (37).

Meperidine. Meperidine (Demerol) is a widely used analgesic
which has been implicated in precipitating hepatic encephalopathy.

It is a highly extracted drug but its V, is large. Its disposition
and elimination have been studied in paQients with cirrhosis and with
viral hepatitis (38,39).

Both these groups had diminished plasma clearance of meperidine
without significant alterations in V,. pH of urine was maintained
above 7.0, eliminating renal meperidine excretion. Thus C1, of
meperidine is low in these patients with liver disease. SiHce the
drug has a high E, its oral systemic availability might be raised
dramatically by portal-systemic shunting. These findings indicate
that caution should be exercised 1) when prolonged administration
of meperidine is required in liver disease and 2) when meperidine
is administered orally to patients with portal-systemic shunting.

Propranolol. Propranolol (Inderal) is widely used in the treat-
ment of angina, cardiac arrhythmias, and hypertension. It can be given
by mouth or parenterally but the oral dose is 6-10 times higher than
the parenteral dose (40). This is due to the first pass effect. E has
been shown to be in the range 0.64 to 0.73 (23,40,41). This extraction ratio
indicates that C1H should be dependent both on flow and on C1,

int’

A recent study of d-propranolol pharmacokinetics in patients with
cirrhosis demonstrates impaired C1, of the drug (41). E was reduced
from 0.73 in controls to 0.41 in c@rrhotics. Hepatic blood flow was
also decreased in cirrhosis. Cl.. was 21 m1/min/kg in normals and only
8 ml/min/kg in cirrhotics. Thesz authors calculated that the decrease
in Cl- was due mainly to impaired ability of the 1liver to remove drug
from the blood (C1, %)

Tolbutamide. Clearance of tolbutamide is accelerated in some
forms of liver disease. It has a moderately Tow C1. + and C1, 1is
binding-sensitive. Thus the accelerated clearance 1R‘acute viﬁa]
hepatitis can be explained by diminished plasma binding which over-
comes the decrease in C1, (42). Substances are thought to accumulate
which decrease plasma biﬁﬂ?ng and also tissue binding so no change
in Vd occurs. Similar observations have been made in patients with
bile“duct obstruction (26). The authors point out that while clear-
ance is accelerated in these cases, the unbound drug concentration
in the plasma may be unaffected and it is thought that this is the
critical determinant of drug action.
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Inhibition of tolbutamide metabolism by chloramphenicol has
been described (17). This is probably due to the inhibition of
a cytochrome P-450 dependent system (18).

Prednisone. Since prednisone is frequently employed in the
treatment of chronic active hepatitis and active post-necrotic
cirrhosis, the effect of lTiver disease on its metabolism is important.
Like cortisone, prednisone presumably has no antiinflammatory activity
and must be converted to prednisolone. In normal subjects this
conversion is complete and occurs mainly in the liver (43).

A recent study of patients with chronic active Tiver disease of
varying severity has shown only minimal effects of Tiver disease on
prednisone pharmacokinetics (43). Furthermore it showed that conversion
to prednisolone was not impaired under those circumstances.

Azathioprine. Another immunosuppressive drug used to treat liver
disease 1s azathioprine. It is converted to 6-mercaptopurine in the
liver by the glutathione S-transferases (19). No recent studies are
available but immunosuppressive activity of serum from patients receivin
the drug is Tower in those with severe liver disease than in normals (44?.
This raises the possibility that azathioprine clearance may be lowered
by liver disease.

Drug Metabolism as a Liver Function Test

Since drug metabolism is a Tiver function, it seems that one
should be able to use it as a 11ver function test if the proper
conditions and drug are chosen. would seem to best reflect the
hepatic mass. is measured molQ easily with flow-independent drugs.
Most 1nvest1gator§"ﬁave used antipyrine for this since its distribution
is 1Tittle affected by protein binding. However, as mentioned above
there is wide individual variation in clearance of antipyrine. 1In
addition the enzymes which metabolize antipyrine are induced by a
number of drugs, environmental agents, and dietary factors. Because
of these additional factors affecting Cl , 1ts measurement may not be a
good estimation of functioning hepatic m%QE It may be especially mis-
leading in an individual as opposed to group studies.

Recently a method has been developed for estimating hepatic blood
flow by determining simultaneously the clearance of orally and intra-
venously administered propranolol (23). The method can only be used in
subjects with normal hepatic vasculature (no portal-systemic shunting)
so]it cannot be used in patients with Tiver disease. This Timits its
value.

Prediction of Drug Dosage Requirements in Liver Disease

Many investigators have tried to correlate drug T, or Cl. with
commonly available clinical markers of liver disease. 2In genlra] these
attempts have failed. Patients with markers of severe hepatocellular
dysfunction such as Tow serum albumin and prolonged prothrombin time
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have usually had impaired drug clearance, but the degree of impairment
could not be accurately predicted from the albumin Tevel or prothrombin
time (27,45).

More success has been achieved in correlating impairment of metab-
olism of one drug with that of another. While correlations of metabolism
of different drugs are notoriously poor in normal subjects (Table 4), they
are better in patients with hepatic disease. Indeed, clearance of flow-
dependent and flow-independent drugs have been correlated in subjects with
Tiver disease (46). This has caused some investigators to question whether
the C]int is a valid concept in the presence of liver disease (8,41).

One group has observed correlations between clearance of diazepam
(flow-independent) and meperidine (flow-dependent) in patients with liver
disease (45). On the other hand another group found a poor correlation
between clearances of 2 flow-dependent drugs, indocyanine green and 1ido-
caine, in patients with acute viral hepatitis (32).

The information presently available on drug metabolism in patients
with Tiver disease does not allow use of any clinical or drug metabolism
parameter to adjust drug dosage in the manner in which creatinine clear-
ance can be used in renal disease. However, the clearances of several
drugs have been studied in patients with Tiver disease and those results
can serve as a rough guide in their use. Until further advances are
made in this field, clinicians will have to continue to rely on cautious
drug administration and use of plasma drug levels when available to
compensate for alterations of drug metabolism and disposition caused by
liver disease.
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