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A B S T R A C T The effects of phenobarbital treatment
for 12 days on the regional distribution of blood flow
and on the disposition of two model drugs, antipyrine
and d-propranolol, have been determined in six unan-
esthetized rhesus monkeys. Phenobarbital significantly
increased total hepatic blood flow from 179±15 to 239±
27 ml/min. Liver weight was increased to a similar de-
gree (34%) in phenobarbital-treated animals as com-
pared to control monkeys. The clearance of both anti-
pyrine and d-propranolol was increased and the half-
life decreased significantly by phenobarbital. Analysis
of the data by a perfusion-limited pharmacokinetic model
showed that the changes in antipyrine clearance were
due almost entirely to enzyme induction. On the other
hand, with d-propranolol, the increase in liver blood flow
contributed as much to the enhanced clearance as did
the stimulation of drug metabolism. The mechanism by
which phenobarbital produces the frequently observed
increase in drug clearance, therefore, depends upon the
initial clearance value of the drug. For low clearance
drugs like antipyrine, clearance changes occur largely
as a result of enzyme induction. With higher clearance
drugs, the effects of increased hepatic blood flow become
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progressively more important
clearance value.

the greater the initial

INTRODUCTION

The ability of phenobarbital to increase the rate of elimi-
nation of a large number of drugs and hormones is gen-
erally attributed to an increase in the activity of the
drug-metabolizing enzymes (1). However, phenobarbital
increases hepatic blood flow in the rat (2), an effect
which could also contribute to enhanced drug elimina-
tion under some circumstances (3). The effects of al-
terations in hepatic blood flow on hepatic drug clearance
depend on the initial hepatic extraction ratio for the
drug in question. Thus, changes in flow affect the clear-
ance of drugs with an initially high hepatic extraction
ratio, like lidocaine (4, 5), to a greater extent than those
with an initially low hepatic extraction ratio, like oxy-
phenbutazone (6).
The dual effect of phenobarbital has been demon-

strated in the present study using the unanesthetized
rhesus monkey. An estimate has also been obtained of
the relative contributions of enzyme induction and in-
creased liver blood flow to the increased clearance of
two model drugs, antipyrine, exhibiting a low hepatic
extraction ratio, and d-propranolol, which has a higher
extraction ratio (7).

METHODS
Six male rhesus monkeys weighing from 4.3 to 5.1 kg
(mean 4.72±0.12 kg) were prepared according to Forsyth,
Nies, Wyler, Neutze, and Melmon (8) by inserting in-
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TABLE I
Effect of Phenobarbital Treatnment on the Regional Distribution of Blood Flow in the Monkey*

Total flow Percent cardiac output

Organ Control Phenobarbital Control Phenobarbital

ml/min
Total liver 179.4415.0 238.8427.4t 18.741.1 20.641.7

Portal vein§ 99.8±7.7 139.2410.2 10.4±0.6 12.1±4 .1.
GI tract¶ 71.0±6.8 104.44:8.5: 7.5±0.6 9.1+0.9
Stomach 10.8±0.5 15.342.3 1.1±0.7 1.4±0.3
Small intestinie 27.8±3.5 43.3±42.91 2.9±0.3 3.7 0.3
Large intestine 28.043.2 38.1±4.2t 2.9±0.3 3.3±0.4
Pancreas 16.2±41.9 19.0±1.9 1.7±0.2 1.6±0.1
Spleen 12.3± 1.8 16.2± 2.9 1.3±0.3 1.4±0.3

Hepatic artery 79.0±9.4 99.4±22.1 7.9 ±0.9 8.5±1.4
Heart 48.9±3.8 56.7±4.9 4.8±0.4 4.9±0.4
Kidneys 137.2 ± 14.8 140.9± 15.3 14.4± 1.6 12.2 ± 1.3
Brain 57.0±6.4 76.4±-8.2t 5.9±0.6 6.5±0.6
Bronchus 11.3 ±-4.1 5.9±i1.7 1.1±i0.4 0.5 ±0.1
Carcass** 503.5 ± 14.0 612.8±56.2 52.8±2.0 52.8± 2.9

* rhe average of two determinations before and after treatment was calcullated in each of the
six monkeys and the data computed as the meaan (±SE) of these average valules.
t P < 0.05 by Student's paired t test.
§ Portal vein = gastrointestinal (GI) tract, pancreas, spleen.
0.1 > P > 0.05 by Student's paired t test.

¶ GI tract = stomach, small intestine, large intestinie, mesentery.
** Carcass = skeletal muscle, bone, skin.

dwelling polyvinyl catheters into the left ventricle by way
of the common carotid artery. The catheters were placed
subcutaneously and exteriorized near the umbilicus and the
animals placed in restraining chairs in sound protected
booths. All catheters were led to the outside of the booth
and kept patent with a continuous infusion of 0.9% NaCl
solution at 0.5 ml/h, allowing blood sampling, hemodynamic
measurements, and drug infusions to be performed without
disturbing the monkeys.

Arterial pressure and pulse rate were measured with
Hewlett-Packard 1280 transducers (Hewlett-Packard Co.,
Palo Alto, Calif.) placed at the level of the mid-thoraxand
recorded on a Hewlett-Packard 7788 direct writing re-
corder. Cardiac outputs were measured by the dye dilution
method using 0.5 mg of indocyanine green injected into
the left ventricle and withdrawing blood from the aorta
at 14.8 ml/min through a Waters D-400 cuvette densi-
tometer (Waters Instrument, Inc., Rochester, Minn.);
after which blood was returned to the animal. Regional
distribution of blood flow was determined by the radio-
active microsphere technique, using batches of 5,000-10,000
radioactive microspheres of 50-,um diameter. The full de-
tails of this technique have been reported previously (8, 9).
By using microspheres labeled with various nuclides (51Cr,
'4Ce, "Sr, mlI, or 9Nb), several serial estimates of the
regional distribution of cardiac output could be made in
the same animal.

2 wk after the catheters were positioned, the monkeys
received steady-state infusions of antipyrine and d-pro-
pranolol on consecutive days in random order. A bolus of
50 mg/kg of antipyrine was followed by a constant in-
fusion of 0.3 mg/kg per min at 0.191 ml/min. A bolus of
0.5 mg/kg of d-propranolol was followed by a constant

infusion of 6 ,ug/kg per min at 0.191 ml/min. Arterial
blood samples (4 ml for propranolol, 3 ml for antipyrine)
were taken 30 and 60 min after the start of the infusion.
After the second sample, the infusion was stopped, and
further blood samples were taken at 15, 30, 45, 60, 90,
and 120 min. The plasma was separated and the red cells
resuspended in saline and returned to the monkey. Hemo-
dynamic measurements and the determination of regional
blood flow were performed between the two blood samples
taken during the steady-state infusion of both drugs. After
the control measurements, phenobarbital elixir (5 mg/kg per
day) was administered orally for 12 days. In four monkeys
the steady-state arterial concentration of antipyrine during a
constant infusion was measured on successive days, and in
two of these monkeys the plasma concentration of pheno-
barbital was also measured during phenobarbital adminis-
tration. Phenobarbital was discontinued on the 12th day,
and 2 days later the initial protocol for measuring the
kinetics of elimination of antipyrine and d-propranolol was
repeated. Hemodynamic data obtained during the infusions
of antipyrine and d-propranolol did not differ significantly
and were pooled for the control period and for the post-
phenobarbital period. However, for calculations of drug
kinetics, data obtained during infusion of each drug was
used. The hematocrit was measured before and after the
total experiment. Organ weights of these six monkeys
were compared to organ weights of 14 monkeys previously
dissected in this laboratory who were not receiving pheno-
barbital.

Propranolol was assayed on 2-ml plasma samples by the
method of Shand, Nuckolls, and Oates (10). The blood-to-
plasma drug concentration ratio before and after pheno-
barbital treatment was 0.814±0.17. Antipyrine was assayed
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FIGURE 1 Time course of change in antipyrine clearance (0) in four individual monkeys
during phenobarbital treatment. Plasma phenobarbital concentrations (A) were measured
in two of the monkeys.

by the method of Brodie, Axelrod, Soberman, and Levy
(11) and a blood-to-plasma concentration ratio of 1.0
was confirmed. Phenobarbital concentration was measured
by using a modification of the gas chromatographic method
of Solow and Green (12). Whole blood concentrations of
the drugs were calculated as plasma concentrations X blood/
plasma ratio.

Calculations. Pharmacokinetic parameters were calcu-
lated from the following equations:

Drug clearance =

Rate of drug infusion MI/mi.
Steady-state arterial blood concentration

Clearance X half-life
Volume of distribution =

-- 0.693 ,liters.
Assuming that all the drug is metabolized by the liver:

Clearance
Hepatic extraction = LierbocoLiver blood flow'

Statistical analysis was performed by two-tailed Student's
t test on mean data before and after phenobarbital.

RESULTS

The effect of phenobarbital on regional distribution
of flow. The total dissected weight of the monkeys re-

ceiving phenobarbital was 3.7±0.13 kg compared to 3.5±
0.13 kg of 14 control monkeys similarly instrumented and
restrained. The liver weights increased by 34%, from
156±6.2 g to 209±6.1 g (P <0.001), and the kidney
weight increased by 39% from 28.9±1.2 g to 40.3±3.0
g (P < 0.05). There were no differences in other organ

weights or statistically significant changes in heart rate,
stroke volume, or arterial pressure; however, cardiac
output did increase from 956±26 ml/min to 1,160±76
ml/min (0.05 < P < 0.1). Although there is no rela-
tionship between the hematocrit and cardiac output in
this animal preparation (8), significant changes in the
hematocrit were prevented by reinfusing all red blood
cells after the plasma was separated for assay (Before,
28±1.1; after, 25.8±1.2; change, - 2.2±1.6; P > 0.20).

After phenobarbital treatment, there was a significant
30% increase in total hepatic blood flow which resulted
from the increase in portal venous blood flow. This in-
crease in portal venous blood flow was a consequence of
both an increase in the fraction of cardiac output dis-
tributed to the gastrointestinal, tract as well as the in-
crease in cardiac output (Table I). There was also an

increase in blood flow to the brain which was propor-

tional to the increased cardiac output.
Rate of change in antipyrine clearance. Antipyrine

clearance did not change until after 3 days of pheno-
barbital treatment, but then increased as the pheno-
barbital concentration exceeded 10 ,Ag/ml, reaching a

plateau by 7 days (Fig. 1). The rate of increase in
antipyrine clearance was closely paralleled by the
increase in phenobarbital concentration in the two ani-
mals in which phenobarbital concentration was mea-

sured. These data suggest that the effects of pheno-
barbital were related to its plasma concentration and
that a more rapid onset of effect might have been
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TABLE I I
Influence of Phenobarbital on d-Propranolol and Antipyrine Pharmacokinetic Paranieters

d-Propranolol Antipyrine

Before After Percent Before After Percent
phenobarbital phenobarbital change* 1)henobarbital phenobarbit al change*

Steady-state arterial concentrationi, 304 ±433 185.0 i 1 1+ -35.2 :48.§ 53.7 ±5.8 26.4728.' -47.0 i 1(.5§
piropranolol, ng/ml, and
antipyrine, ,Ag/ml

Half-life, min 48.5 ±3.5 31.8 4±1.2§ -32.7±5.5§ 99.5 it12.5 36.7 -48. 1§ -62.9 4-9.3 §
Clearance, ml/min 97.0 ±8.5 154.0 ±9.1+ +66.8i2 1.4+ 41.7 ±45.2 93.8 ±411.1 § + 140.0i37.2§
Liver blood flow, mnIl,1iui 176.5±4-13.3 256.3±46.0 +46.7±21.9 180.5±20.7 221.0+l13.5+ +26.8±4i9.2+
Volume of distribution, liters 6.63±0.46 7.08±0.47 +8.2±8.4 5.84±0.72 5.30±0.9 -8.9±12.6
Hepatic extraction ratio 0.564±11.1)64 1).663 ±f0.104 +31.5±433.3 0.254 ±-0.049 0.438 ±0.065;l + 102.0 +45.2

Values are mean ±SEM.
* Mean of the percentage changes fr-omii 1ase line (before phenobarbital) for eaclb aniimal.
±P <0.05.
§ P < 0.01.
11 P < 0.06.

achieved by beginning phenobarbital treatnmenit with a
loading dose.

Influence of phenobarbital on drug kinetics. 2 days
after discontinuing 12 days treatment with phenobarbital
the steady-state arterial concentrationis anid half-life of
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FIGuRE 2 Steady-state concentrations and disappearance of
antipyrine and d-propranolol concentrations before and 2
days after phenobarbital treatment for 12 days. Data
plotted as the mean--SE.

both antipyrine and d-propranolol (Fig. 2) were de-
creased, anid drug clearance increased (Table II). The
hepatic extraction of propranolol and the volume of
distribution of both drugs were not significantly altered.
The hepatic extraction of antipyrine was increased by
pheniobarbital treatment, but due to the variability be-
tween animals, the change only reached borderline sig-
nificance (P < 0.06).

DISCUSSION

The influence of phenobarbital on liver blood flow has
been measured previously in the rat by using an indi-
rect thermocouple technique; flow increases of 33-175%
(mean 79%) were associated with a 27% increase in
liver weight (2). In the presenit study of the rhesus
monkey, the change in liver weight was very similar
(34%), and there was a proportional increase in liver
blood flow. This increase in blood flow was due to a
larger proportion of the cardiac otitptut being delivered
to the splanchnic circulation, as well as to an increase
in total cardiac output. It is of interest to note that the
increase in liver blood flow was not primarily due to an
increase in hepatic artery flow, but rather to an increase
in flow to the gastrointestinal tract, in particular the
small intestine, without any change in weight of these
organs. This is consistent with the hypothesis that total
liver blood flow is regulated by a myogenic mechanism,
influencing the splanchnic arterial supply more than the
hepatic artery, and that the control of the total flow is
closely related to liver mass (13).
This observation that phenobarbital pretreatment can

increase hepatic blood flow suggests another potential
mechanism for increasing drug clearance, in addition to
enhancing the activity of the drug-metabolizing enzymes.
The relative contributions of increased hepatic blood
flow and enzyme induction, however, vary according to
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FIGuRE 3 Relative contributions of increased hepatic blood flow and enzyme induction to the
enhanced clearance of antipyrine and d-propranolol. Data plotted as mean±+SE. See text for
explanation.

whether the elimination of the drug in question is rate-
limited by enzyme activity or by hepatic flow, or is in-
fluenced by both. While the rates of elimination of both
antipyrine and d-propranolol were considerably in-
creased by phenobarbital, it will become apparent that
the mechanism of the increased clearance is different for
the two compounds. The precise relationships among

drug clearance, hepatic blood flow, and the activity of
the drug-metabolizing enzymes are best understood by
considering a perfusion-limited pharmacokinetic model
(3). Assuming that (a) the drug is metabolized by a

first-order process, (b) the hepatic venous blood is in
equilibrium with drug in the liver, and (c) the volume
of distribution of the drug does not alter, then the fol-
lowing relationship is valid:

Drug clearance

= Flow X hepatic extraction ratio.

Intrinsic metabolic clearance (Cm)1

=-FlowX Flow + Cm

ml/min.
Cm is a function of the first-order metabolic rate con-

stant of the drug in the liver, the hepatic partition coeffi-
cient for the drug, and the volume of the liver. When
the rate of delivery of a drug to its metabolizing en-

zymes is not rate-limiting, that is, when liver blood flow
is considerably greater than the Cm, actual drug clear-
ance approaches Cm. Thus, Cm represents an index of
the activity of the drug-metabolizing enzymes under

1 Abbreviation used in this paper: Cm, intrinsic meta-
bolic clearance.

optimal conditions. The above relationship also indi-
cates that, whereas liver blood flow and Cm are inde-
pendent variables, actual drug clearance and the hepatic
extraction ratio are interdependent variables. If actual
drug clearance and liver blood flow are known, then Cm
can be calculated, and from this, the change in actual
clearance associated with any change in liver blood flow
or Cm can be computed. In the present experiments,
Cm values for both antipyrine and d-propranolol were
calculated from liver blood flow and actual drug clear-
ance before and after phenobarbital. The predicted re-
lationship of actual drug clearance and liver blood flow
at the calculated Cm before and after phenobarbital is
shown in Fig. 3. Antipyrine had an initially low Cm,
resulting in a low actual drug clearance and hepatic ex-
traction ratio at normal liver blood flow. After pheno-
barbital treatment, drug clearance increased consider-
ably, largely as a result of an increase in the activity
of the drug-metabolizing enzymes, which was reflected
by the increase in Cm. Thus of the increase in anti-

TABLE III
Theoretical Effects of Twofold Increases in Hepatic Blood Flow

and Cm on the Hepatic Clearance of Drugs with
Different Initial Hepatic Extraction Ratios

Hepatic extraction ratio

0.2 0.5 0.8

Relation of Cm and flow (Q) Cm = Q/4 Cm = Q Cm = 4Q
Percent increase in clearance
when Cm doubled 67 33 11

Percent increase in clearance
when flow doubled 10 33 67
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pyrine clearance, 85% could be accounted for by en-
hanced enzyme activity (Cm), whereas only 15% was
due to an increased hepatic blood flow. This is in marked
contrast to the effect of phenobarbital on d-propranolol
clearance in the same animals. With d-propranolol the
effects of increased flow were greater because the initial
Cm for propranolol was relatively high. Thus, only 43%
of the increase in actual clearance was due to enhanced
enzyme activity, while 57% of the change resulted
from an increase in hepatic blood flow. It should be
mentioned that these considerations apply to hepatic drug
clearance and can only be extrapolated to total body
drug clearance when there is little extrahepatic metab-
olism, as appears the case for d-propranolol (7) and
antipyrine (14).

Certain important predictions can now be made about
the effects of enzyme induction in general, and pheno-
barbital in particular. The usefulness of the clearance
concept in the understanding of the outcome of such
drug interactions cannot be overemphasized. Drug clear-
ance, unlike half-life, provides a measuire of the effi-
ciency of the elimination process because it takes into
account the extraction ratio of the organ of elimination.
Thus half-life (ti2) can only be assessed in relation to
the volume of distribution (Vd), while drug clearance
(Cl) incorporates both these terms (Cl = Vd X 0.693/
t1). Furthermore, it is drug clearance which determines
the plasma concentration of a drug, which often is re-
lated to the drug's effectiveness. The effects of changes
in enzyme activity (that is, Cm) must always be viewed
in light of hepatic blood flow and the initial Cm. The
theoretical effects of twofold increases in Cm and in
hepatic blood flow on the hepatic clearance of three drugs
with low (0.2), intermediate (0.5), and high (0.8) he-
patic extraction ratios are shown in Table III. It is evi-
dent that the lower the initial Cm of the drug, the greater
the effect of any given degree of enzyme induction on ac-
tual drug clearance will be. This is in contrast to the
effects of flow changes, which will increase with the
initial drug clearance. These model predictions are
supported by the available data in the literature. Thus,
the clearance of a drug with a high hepatic extraction,
and therefore a high Cm relative to liver blood flow
(e.g., lidocaine), is limited by liver blood flow because
hepatic extraction changes very little (4, 5); whereas
the clearance of a drug that has a low hepatic extraction,
and therefore a low Cm (e.g., oxyphenbutazone), is less
affected by flow because the hepatic extraction changes
in the opposite direction, thus "dampening" the over-
all effect (6). The clearance of propranolol, which has
an intermediate extraction ratio in the monkey, is flow-
dependent (7), though not flow-limited. Importantly,
these considerations seem also to apply to endogenously
produced substances eliminated by the liver. Thus, the

clearances of both aldosterone (15) and cortisol (16)
have been shown to be flow-dependent.
The dependence of the effects of both enzyme induc-

tion and increased blood flow on the intrinsic ability of
the liver to extract a given drug provides a ready ex-
planation for the present effects of phenobarbital, which
increases both enzyme activity and hepatic blood flow.
This dual effect of phenobarbital will enhance the clear-
ance of all drugs, but the dominant mechanism will de-
pend on the initial ability of the liver to extract the drug.
Enzyme induction will contribute relatively more to the
increased clearance of low extraction substances, and
the increase in liver blood flow will contribute relatively
more to the enhanced elimination of high extraction
substances. Thus the effects of phenobarbital cannot al-
ways be attributed to enzyme induction, especially in the
case of high clearance compounds. For example, the en-
hanced clearance of indocyanine green, which has an
initially high extraction ratio, (17) must be as much a
result of enhanced flow as induction of a transport pro-
tein, ligandin (18). Thus, it is clear that a knowledge
of a drug's hepatic extraction ratio is essential to the
interpretation of drug interactions with phenobarbital,
which involve increased hepatic blood flow as well as in-
duction of both hepatic and extrahepatic drug-metabo-
lizing enzymes.
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