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Abstract—The influence of phenobarbital. 3.4-benzpyrene and 3-methylcholanthrene on the clearance
of indocyanine green (ICG) in the rat was investigated. 1CG clearance following rapid i.v. administration
of 1, 10 and 50 mg/kg, body wt was dose-dependent and pretreatment for 10 days with the inducing
agents produced an increase in clearance only in the case of phenobarbital. All three inducers when
given in this manner have been reported to produce equivalent increases in ligandin, consequently,
this protein cannot be a major rate-limiting factor for hepatic ICG removal in the rat.

Of the three inducing agents studied. only phenobarbital increases liver blood flow. The relative
contribution of this change versus any increase in the liver’s intrinsic ability to remove ICG was
estimated using a perfusion-limited model of hepatic elimination. Although the influence of the altered
flow decreased with increasing ICG dose. the changes in both flow and intrinsic clearance were directly
proportional to the increase in liver mass produced by phenobarbital. It may be concluded, therefore,
that the influence of phenobarbital on ICG clearance in the rat is due to a larger liver with a propor-
tionate increase in blood flow and not a consequence of the induction of any specific uptake protein.

The liver plays an important role in the removal from
the body of a wide variety of substances. A number
of processes are involved in this hepatic drug clear-
ance including delivery to the liver, uptake, storage
and biotransformation or excretion into the bile.
Little quantitative information is available, however,
concerning the relative importance of each of these
steps in the overall in vivo removal process. Hence,
the mechanisms by which factors such as ontogeny,
drug interactions and disease-states produce changes
in hepatic clearance is not always clear. This is par-
ticularly true of the increase in clearance of many
drugs caused by pretreatment with phenobarbital. An
increase in activity of the drug-metabolizing enzymes
is probably involved in many cases [1] but other fac-
tors must be contributory, particularly for those com-
pounds which are eliminated unchanged by the liver.
The anionic dye, indocyanine green (ICG) used cxten-
sively in man and experimental animals for the deter-
mination of cardiac output[2] and hepatic func-
tion [3-6] is such a substance. The rate of elimination
of ICG in the rat is significantly increased by pheno-
barbital pretreatment [7-9] and it has been proposed
that this is a consequence of increased hepatic uptake
secondary to the induction of the cytoplasmic anion
binding protein ligandin (Y protein) [7]. The present
study was designed to investigate this hypothesis and
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to assess the relative contributions of induction and
altered liver blood flow to the increased clearance of
ICG in the rat.

METHODS

Groups of 6 male, 300-400 g body wt Sprague—
Dawley rats (Harlan Industries, Indianapolis) with
free access to food and water were injected i.p. once
daily for 10 days. Phenobarbital (80 mg/kg, body wt.)
dissolved in physiological saline was administered in
a total vol. of 10 ml/kg, body wt; 3-methylcholanth-
rene (10 mg/kg, body wt) and 3.4-benzpyrene (10
mg/kg, body wt) were injected in 5 ml corn oil/kg,
body wt., and control groups received equivalent vol.
of either saline or corn oil, respectively. The animals
were anesthetized with sodium pentobarbital (35-45
mg/kg, body wt, i.p.) 15-20 hr after the final pretreat-
ment injection, and PE-50 catheters placed in a
femoral artery and vein.

ICG (Hynson, Westcott and Dunning, Baltimore)
was rapidly injected i.v. in 1 ml saline at three differ-
ent doses, 1, 10 and 50 mg/kg, body wt. Heparinized
arterial blood samples were obtained at suitable times
after the injection to define the rate of elimination
of the dye. The sample vol. varied according to the
expected ICG concentration but the total vol. of
blood removed from each rat was similar in all
groups and approximated 2 ml. Withdrawn blood
was replaced with an equal vol. of saline, infused
through the arterial cannula after each sampling and,
in addition, the hematocrit was determined on the
first and last samples. The plasma concentration of
ICG was determined promptly after sampling by
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Table 1. Influence of inducing agents on the pharmacokinetics of ICG

3-methyl
ICG Dose Saline Corn Ol Phenobarbital  3.4-benzpyrene  cholanthrene
I mgikg. Half-life. min 2.39 + 007 210 4+ 0071 1.86 -+ 0.13*%F 195 + 0.09 218 + 009
body wt. Volume of distri-
bution, mi/100 g. 652 + 060 576 + 0.21 717 + 0.80% 4.72 + 0.40 4.82 + 040
body wt
Blood clearance
{(ml/min/100 g. 307+ 029 295+ 013 430 + 0.26% 287 + 029 251 + 028
body wt)
10 mg/kg. Half-life. min 403 + 038 425 +0.36 268 4+ 011%F 338 4+ 048 427 +0.63
body wt Volume of distri-
bution. mi/100 g, 421 +029 434 + 046 393 + 048 342 + 010 374 + 025
body wt
Blood clearance
(mi/min/100 g 121 + 009 LI + 002 L78 £ 020% 123+ 005 105 4 0.09
body wt
50 mg/ke. Half-life, min 2975 4+ 168 2830 4+ 2.33 19.02 + 1.62%1 2396 + 2.03 25.65 + 2.64
body wt Volume of distri-
bution. ml;/100 g. 5104+ 012 529 + 016 432 + 0.20% 4.52 + 0.20* 404 + 0.22%
body wt
Blood clearance
{ml/min/100 g. 019+ 001 023+ 002 0.27 + 002% 021 + 002 0.20 + 0.02

body wt

Values are mean of six rats + S.EM.
* control v active agent, P < 0.05,

+ phenobarbital v 34-benzpyrene and 3-methylcholanthrene. P < 0.05,

1 phenobarbital v 34-benzpyrene, P < 0.05,
§ saline v corn oil, P < 0.05.

measuring its absorption at 800 nm in a Gilford
2400-S spectrophotometer [3. 5] using 0.1%, crystal-
line bovine albumin in 0.9% saline to dilute the
samples [ 10].

Cualewlations. The plasma half-life for ICG elimin-
ation was obtained by linear regression of the logar-
ithm of the plasma concentrations and time. Other
individual pharmacokinetic parameters were calcu-
lated from the following relationships:

Vol. of distribution

Dose

mi/ 100 g. body wt
Blood clearance

_ (693 Volume of distribution
"~ Plasma half-life {1 — Hematocrit)

ml/min/100 g, body wt

Statistical analysis of the mean data was performed
by the unpaired Student r-test with P = 0.05 as the
minimal level of significance.

RESULTS

Not unexpectedly {6, 11] the elimination of ICG
from the plasma in the rat was dose-dependent. the
half-life at 50 mg/kg, body wt being approximately
10-fold greater than at | mg/kg, body wt, irrespective
of the pretreatment (Table 1). However, at each dose
level the elimination appeared to be mono-exponen-
tial over the time period studied. There were no differ-
ences in the half-lives of the two control groups and

pretreatment with either 3-methyicholanthrene or
34-benzpyrene produced no changes in the rate of
ICG disappearance at any dose level. However,
phenobarbital pretreatment caused a significant
shortening of the plasma half-life after all three ICG
doses (Fig. 1) relative to both the saline control
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Fig. 1. Plasma climination of ICG after rapid i.v. adminis-
tration in saline control (@) and phenobarbital pretreated
{O) rats. Each point is the mean + standard error of six
determinations and a statistical difference (P < 0.05)
between the two groups is indicated by an asterisk.



Determinants of increased ICG clearance by phenobarbital in the rat

groups and the other treatment groups, except after
50 mg/kg, body wt where the half-life did not differ
statistically from that of the 3-methylcholanthrene
group (Table 1).

The vol. of distribution of ICG showed some vari-
ability with respect to dose and pretreatment agent,
and this may reflect the inherent error in its estima-
tion due to the very rapid disappearance of ICG from
the plasma [12]. However, there were no consistent
trends suggestive that the dose-dependent changes or
the effect of phenobarbital on the elimination half-life
could be caused by alterations in this parameter
(Table 1). On the other hand, ICG blood clearance
decreased significantly with increasing dose in both
the saline and corn oil control animals, and there
was no difference between these two groups. Neither
3.4-benzpyrene nor 3-methylcholanthrene pretreat-
ment altered ICG blood clearance at any dose level,
but phenobarbital significantly increased this process
at all doses studied compared to the control or the
34-benzpyrene and 3-methylcholanthrene groups.
Relative to the saline group the mean increases were
40.1%, 47.1% and 42.1%, at the 1, 10 and 50 mg/kg,
body wt, dose levels respectively.

DISCUSSION

The present study confirms the dose-dependent
elimination of ICG in the rat[6, 11], the mechanism
of which is not clearly understood. The absence of
any consistent distributional changes indicates that
the phenomenon predominantly reflects a decrease in
hepatic clearance, i.e. the efficiency with which the
liver removes the dye. This would appear to be associ-
ated with saturable uptake of ICG into the liver
which follows Michaelis—-Menten kinetics [6]. The
role of ligandin in this uptake process has not been
definitively investigated. But, based primarily upon
experiments with the model compound, sulfobro-
mophthalein, it was postulated that this protein plays
an important role in the transfer of organic anions
from plasma to liver, and that its induction by a var-
iety of agents was responsible for the enhancement
in elimination of these anions after pretreatment with
the agents[7]. The present findings would suggest,
however, that this is not the case for ICG in the rat.
Previous studies in the rat have shown that pretreat-
ment with phenobarbital, 3.4-benzpyrene and 3-meth-
ylcholanthrene, according to the same protocol as
used herein, causes an increase in hepatic ligandin
of about 100 per cent for all three agents[7]. How-
ever, only phenobarbital pretreatment resulted in an
alteration in ICG clearance. Accordingly, it must be
concluded that ligandin is not the major rate-limiting
factor in the hepatic removal of ICG in the rat, and
another mechanism must be responsible for the
observed increase in the rate of ICG elimination after
phenobarbital pretreatment. Recent studies with other
drugs have been similarly interpreted, and have sug-
gested that ligandin plays a secondary role in the net
hepatic transport of anions by functioning as an intra-
cellular “storage” protein rather than a primary trans-
port protein [ 13, 14].

It is well established that phenobarbital causes liver
enlargement in the rat and the induction of certain
hepatic proteins [1]. In addition, liver blood flow in-
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creases, 6.68 +£0.23 to 886 + 039 ml/min/100g.
body wt., in proportion to the increased mass of the
liver, 12.0 + 0.06 to 15.1 £ 0.2 g, and such changes
are not seen after either 34-benzypyrene or 3-methyl-
cholanthrene pretreatment [15]. The relative contri-
butions of each of these factors in the enhancement
of ICG clearance by phenobarbital may be assessed
at cach dose level by consideration of the perfusion-
limited model of hepatic elimination [16-18]. Accord-
ing to this analysis. total hepatic clearance is a func-
tion of two independent physiological variables,
liver blood flow (Q) and the total intrinsic clearance
(Clipineic) Of the liver. This latter term is a quantita-
tive indication of the maximal overall ability of the
liver to irreversibly remove ICG in the absence of
any flow limitations and. therefore, reflects functional
liver mass and specific intrinsic clearance (Cl,,, ../
liver). No indication of the location and/or identity
of the several potential rate-limiting steps in the elim-
ination process is provided by a drug’s intrinsic clear-
ance. Because there is no extrahepatic elimination of
ICG [5). hepatic and blood clearance are synony-
mous, and therefore,

Cl
Blood clearance = Q[‘Qm

intrinsic

] = QF ml/min

where the parenthetic term is equivalent to the steady-
state hepatic extraction ratio, E. Thus, if ICG
clearance and the appropriate liver blood flow are
known, Cl,inie Mmay be calculated, and from this,
the expected change in clearance associated with any
given change in blood flow or Cl e may be esti-
mated. These calculations were made for the saline
control and phenobarbital pretreatment groups using
the mean data for clearance from the present investi-
gation and the results for liver blood flow and mass
from a separate study where the animals were treated
in an identical fashion[15]. Phenobarbital pretreat-
ment produced a large increase in effectiveness of the
hepatic removal process as assessed by Clijiinsic
(Table 2), but the extraction ratio remained un-
changed because of the equal and opposite influences
of increased Cli,inge and liver blood flow. The
changes in both of these parameters contributed to
the overall increase in ICG clearance but their rela-
tive contributions varied with the ICG dose. This is
consistent with earlier findings that the influence of
liver blood flow upon drug clearance is dependent
on the magnitude of the extraction ratio and, there-
fore, Clininsic [17, 18]. Thus the 33 per cent increase
in liver blood flow produced by phenobarbital was
responsible for 47.8 per cent of the increase in ICG
clearance after administration of 1 mg ICG/kg, body
wt, 19.2 per cent after 10 mg/kg, body wt, and only
3.3 per cent after 50 mg/kg, body wt. Conversely, the
47.2, 50.7 and 42.3 per cent increases in Cliyinsie cON-
tributed the balance of the changes, respectively. Im-
portantly, when the absolute increases in Cli,insic
were expressed per unit wt of liver, phenobarbital
caused no change in the specific intrinsic clearance
of ICG (Table 2). This would indicate that the pre-
treatment did not produce induction of any protein
involved in the hepatic uptake and storage of the dye.
Consequently, it may be concluded that the enhanced
clearance of ICG at all dose levels after phenobarbital
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Table 2. Changes in hepatic clearance, extraction ratio and intrinsic clearance (Cli,,inc} in saline and phenobarbital
pretreated rats. and the calculated contributions of liver blood flow and Cl,,i,. to the changes in clearance

Blood clearance and

Hepatic intrinsic clearance®

¢, Increase® in
clearance due to

(extraction ratio)

1CG dose ml/min/100 g. body wi. ml/min/100 g. body wt. ml/min/g liver
mg'kg, @ —m—— — Intrinsic
body wt. Saline Phenobarbital  Saline  Phenobarbital  Saline  Phenobarbital Flow clearance
i 3.07 {0.46) 4.30 (0.48) 5.68 8.36 1.60 1.59 478 522
10 .21 (0.18) 1.78 (0.20} 1.48 223 0.42 0.44 19.2 80.8
50 0.19 (0.03) 0.27 {0.03) 0.196 0.279 0.055 0.055 33 96.7

* Based on mean liver mass and blood flow data from Ref. [15].

pretreatment is simply due to the presence of a larger
liver and a proportional increase in the rate of deli-
very of ICG to its site of elimination, the exact contri-
bution of each of these factors being dependent upon
the dose of ICG: flow changes are less important as
the administered dose increases.

The ability of phenobarbital to alter the disposition
and elimination of many ecxogenous and endogenous
compounds removed by the liver is well known. Such
pretreatment produces perturbations in a number of
physiological and biochemical factors which may or
may not be involved in the disposition and elimin-
ation of the drug. The determination of a cause and
effect relationship requires apprectation of the relative
importance of each of the various physiological fac-
tors controlling these processes. With respect to hepa-
tic elimination, the described perfusion-limited
approach to hepatic elimination offers many advan-
tages over more traditional pharmacokinetic analyses.
and should permit a clearer understanding of the mul-
tiple mechanisms responsible for drug elimination
and the alterations produced by disease and other
drugs [18].
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