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Summary. Mice that had received 10° P388 leukemia cells
IV 8 days previously exhibited a decrease in the compo-
nents of the hepatic microsomal mixed function oxidase,
with a 58% decrease in cytochrome P-450, and up to a 60%
decrease in hepatic microsomal metabolism of biphenyl.
Liver weight was increased by 49% due to infiltration of
the liver with leukemic cells. Changes in liver drug-metab-
olizing activity and liver weight were not seen 6 days after
administration of P388 leukemia. There was a small in-
crease in serum liver enzyme but no increase in total serum
bilirubin in tumor-bearing mice. In vivo total-body plasma
clearance of cyclophosphamide, a drug metabolized by he-
patic cytochrome P-450, was decreased to 53 ml/min/kg
in mice that had received P388 cells 8 days earlier, as
against 97.2 ml/min/kg in control mice. Cytochrome P-
450-independent metabolism of ['*C]5-fluorouracil, mea-
sured by means of ['*C]CO,in the breath over 3 h, was de-
creased to 21% of the dose administered by 8§ days after tu-
mor cell administration, compared with 31% of the dose in
control mice. P388 lenkemia cells growing in the ascitic
form in the intraperitoneal cavity of mice did not release
an inhibitor of 5-fluorouracil metabolism into the ascitic
fluid. Total-body plasma clearance of indocyanine green
was decreased to 11 ml/min/kg by 8 days after P388 cell
administration, compared with 36 ml/min/kg in control
mice. The decrease in indocyanine green clearance might
reflect a decrease in hepatic blood flow in the tumor-bear-
ing mice. A possible explanation for the decrease in hepat-
ic drug metabolism caused by P388 leukemia is that the he-
patocytes are deprived of oxygen and nutrients by the tu-
mor in the liver, coupled with or caused by a physical ob-
struction of hepatic blood flow.

Introduction

Studies initiated over 20 years ago by Kato et al. [27] have
shown in a variety of animals that primary or transplan-
table solid tumors growing at a site distant to the liver can
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produce a decrease in hepatic drug-metabolizing activity
[2-9, 12, 15, 20, 25, 28-33, 37, 42, 44-46, 48, 49, 56-58].
The changes include a decrease in the components of the
hepatic microsomal mixed function oxidase [7-9, 25, 28,
30-32, 37, 42, 47, 58], a decrease in in vitro hepatic drug-
metabolizing activity [2, 3, 6, 7,9, 12, 20, 27, 28, 30-32, 37,
44, 46, 48, 49, 56-58], and a decrease in in vivo hepatic
drug-metabolizing activity [4, 15, 29, 45, 46, 48]. Cyclo-
phosphamide was among the drugs whose metabolism was
decreased by extrahepatic tumor [3, 12, 30, 48]. Hepatic
drug-metabolizing activity returned to normal when the tu-
mor was surgically removed [5, 20, 46]. Implantation of
normal tissue to experimental animals did not decrease he-
patic drug-metabolizing activity [45]. These findings were
of considerable interest because of the implications of al-
tered drug-metabolizing activity in man. It was shown,
however, that significant changes in hepatic drug-metabo-
lizing activity did not occur in animals until the tumor ex-
ceeded 2% of the body weight, and large decreases
(> 50%) in drug-metabolizing activity were not seen until
the tumor equaled or exceeded 10% of the body weight [8,
25, 30, 4446, 49]. Solid tumors of this size rarely, if ever,
occur in man, and it was thus assumed that changes in
drug metabolism due to tumor would not be clinically
significant in man. This assumption appeared to be con-
firmed in a study by Tschanz et al. [55], in which no signifi-
cant differences were found in total body-plasma clear-
ance of antipyrine between lung cancer patients and care-
fully matched controls.

Recent studies in man have provided circumstantial
evidence that solid tumors that metastasize to the liver, al-
though associated with a small tumor burden, can produce
a decrease in drug-metabolizing activity [19, 21, 22, 24, 41,
53]. The effect upon hepatic drug-metabolizing activity of
tumors that metastasize to or infiltrate the liver has not
been studied in animals. A characteristic of many trans-
plantable leukemias is their ability to infiltrate normal tis-
sues, including the liver. The widespread use of murine
leukemias, principally P388 and L1210 leukemia, in
screening new compounds for antitumor activity and the
known activation and inactivation of many drugs by the
liver suggest the importance of studying the effects of these
tumors on hepatic drug-metabolizing activity.

We report the effects of advanced P388 leukemia in
mice on the components of the hepatic microsomal mixed
function oxidase and on in vitro drug-metabolizing activi-
ty using the test compound biphenyl. The effects of ad-
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vanced P388 leukemia on in vivo disposition of cyclophos-
phamide and 5-fluorouracil and on the plasma clearance
of indocyanine green have also been studied.

Methods

Tumor-bearing animals. P388 leukemia cells were obtained
from Mason Research Institute, Worcester, Mass, and
grown in the ascitic form in male DBA, mice. Cells and as-
citic fluid were harvested asceptically 7 days after IP injec-
tion of 10° leukemia cells. For IV injection P388 leukemia
cells were washed in 10 mM, pH 7.0, phosphate-buffered
0.9% NaCl, and 10° viable cells were injected into the tail
vein of male BDF, mice weighing 18-23 g (Harlan
Sprague-Dawley, Madison, Wis). Mice that had P388 cells
injected in this way survived 9-10 days. Some mice re-
ceived 10° P388 leukemia cells IP for in vitro drug metabo-
lism studies. These mice survived 10-12 days and had
marked ascites by day 10.

In vitro studies. On days 6 and 8 after the injection of tu-
mor cells groups of six mice were killed by decapitation,
and hepatic microsomes were prepared from each animal
by differential centrifugation, following homogenization
in 0.25 M sucrose according to the method of Ernster et al.
[14]. Microsomal cytochrome P-450 levels were determined
spectrophotometrically by measuring the difference spec-
tra of the CO complex of dithionite-reduced cytochrome
P-450 between 450 and 490 nm [38]. Cytochrome b; was
determined spectrophotometrically as the difference spec-
tra of dithionite reduced and oxidized cytochrome bs be-
tween 425 and 410 nm [11]. NADPH-cytochrome P-450 re-
ductase activity was measured by reduction of cytochrome
¢ in the presence of NADPH by the method of Yasukochi
and Masters [60].

Biphenyl was used to study the effects of P388 leukem-
ia on hepatic microsomal mixed function oxygenase activ-
ity. Biphenyl is a substrate for two species of cytochrome
P-450, one inducible by phenobarbital and one by aromat-
ic polycyclic hydrocarbons; the products being 4-hydroxy-
biphenyl and 2-hydroxybiphenyl, respectively [59]. Biphe-
nyl, 0.1 mM, was added to an incubation mixture contain-
ing hepatic microsomes, 1 mg protein/mi, in 1 ml 50 mM
potassium phosphate buffer, pH 7.4, 5 mM MgCl, and an
NADPH-generating system consisting of 38 mM glucose-
6-phosphate, 0.6 uM NADP® and 3.5 units/ml glucose-
6-phosphate dehydrogenase. The mixture was incubated at
37 °C for 10 min with gentle shaking and the reaction
stopped by the addition of 2 ml acetonitrile to precipitate
microsomal protein. After standing for 5 min at 4 °C the
mixture was centrifuged at 18000 rpm for 2 min in a mic-
rocentrifuge (Beckman Instruments, Palo Alto, Calif.). Su-
pernatant, 100 ul, was taken for high-performance liquid
chromatography (hplc) on a 25-cm Hibar-II RP-18, 5 p co-
lumn (Merck, Darmstadt, West Germany) and eluted iso-
cratically with 56% acetonitrile in 20 mM potassium dihy-
drogen phosphate at a flow rate of 2 ml/min. The products
of biphenyl metabolism were detected with a Schoeffel
FS970 fluorometer (Schoeffel Instruments Corp., West-
wood, NJ) at an excitation wavelenght of 275 nm and an
emission wavelenght of 300 nm.

In vivo drug disposition studies. The effect of advanced
P388 leukemia on hepatic microsomal mixed-function

oxygenase activity in vivo was measured with the aid of
cyclophosphamide, a substrate for cytochrome P-450 [48].
Control mice and mice that had received P388 leukemia 8
days previously received cyclophosphamide, 65 mg/kg IP.
Mice were lightly anesthetized with diethyl ether and
blood was collected by orbital sinus puncture [39] from
groups of six animals at various time points after adminis-
tration of the cyclophosphamide. Isophosphamide, 2 ug/
ml, was added to the plasma as an internal standard. Plas-
ma, 0.5 ml, was mixed with 0.2 ml 1 N sodium hydroxide
and extracted with 5 ml ethyl acetate. The ethyl acetate
was evaporated under N, at 30 °C and the residue deriva-
tized with trifluoroacetic anhydride [26]. Cyclophospha-
mide was assayed by a gas chromatographic procedure us-
ing a 12 M OV-1 capillary column as previously described
[18].

The effect of advanced P388 leukemia on noncyto-
chrome P-450 drug metabolism was studied with the aid of
5-fluorouracil [51]. Control mice and mice to which P388
cells had been injected IV 8 days previously received IP in-
jections of ['*C-2]5-fluorouracil, 100 mg/kg, 5 uCi. Mice
were placed singly in a sealed, all-glass metabolic cham-
bers (Bellacour Co., Laurelton, NJ), and exhaled [*C]CO,,
was collected by bubbling the expired air through 10%
KOH. Samples of the KOH, 1 ml each, were taken at
30-min intervals for 3 h and counted by liquid scintilla-
tion. Some mice received the hepatotoxin carbon tetra-
chloride, 0.32 ml/kg, by IP injection with a Hamilton
microliter syringe (Hamilton Co., Reno, NV) 24 h before
the ['*C-2]5-fluorouracil metabolism was investigated.
Other mice had daily IP injections for 4 days of cell-free
ascites fluid from mice that had received 10° P388 leukem-
ia cells IP. Each non-tumor-inoculated mouse received, in
succession, the cell-free ascites fluid from four mice that
had received P388 leukemia cells IP 6, 7, 8, and 9 days pre-
viously. Each recipient mouse was studied 24 h after the
last injection of ascites fluid.

Plasma clearance of indocyanine green was used to as-
sess hepatic function and hepatic blood flow. Control and
experimental mice received injections into the tail vein of
indocyanine green, 10mg/kg, in 0.lml 0.9% NaCl.
Groups of four mice were taken at various time points up
to 18 min and blood was collected into heparinized tubes
by orbital sinus puncture. Recent studies have suggested
that the spectrophotometric method commonly used for
measuring indocyanine green is nonspecific and may mea-
sure a metabolite that is responsible for an apparent sec-
ond phase of elimination [13]. Preliminary studies have
shown that the second phase of elimination was very
marked in the mouse. Indocyanine green in plasma was,
therefore, measured by a modification of the hplc assay of
Rappaport and Thiessen [43]. Briefly, 0.2 ml plasma was
mixed with 0.4 ml methanol and allowed to stand at 4 °C
for 5 min to precipitate proteins. The mixture was centri-
fuged at 18000 rpm for 2 min in a microcentrifuge. Super-
natant, 100 ul, was injected onto a 25-cm Hibar-II RP-18 5
u hplc column and eluted with a 10-min gradient of
methanol (60%-100%) in 0.3 M sodium acetate, pH 4.0.
Eluting compounds were detected at 254 nm. For biliary
excretion studies control mice or mice exposed 8 days pre-
viously to P388 leukemia were anesthetized with ketamine,
100 mg/kg 1P, and the bile duct was cannulated with PE--
10 polyethylene tubing (Intramedic, Clay Adams, Parsip-
pany, NI). Indocyanine green, 5 mg/kg, was injected



through a PE-10 polyethylene cannula in the femoral vein.
Bile was collected every 30 min for 3 h into preweighed vi-
als. The bile was diluted 1:100 with water and its optical
density measured at 805 nm.

Drugs and chemicals. Biphenyl obtained from Aldrich
Chemical Co., Milwaukee, Wis, was purified by thin-layer
chromatography on 2-mm silica gel plates developed with
toluene. Cyclophosphamide (2H-1, 3, 2-oxaza-phospho-
rine monohydrate) and 5-fluorouracil were obtained from
Sigma Chemical Co., St. Louis, Mo. ["*C-2]5-fluorouracil
was obtained from ICN Radioisotopes, Irvine, Calif. In-
docyanine green was obtained from Hynson, Wescott and
Dunning Corp., Baltimore, Md.

Pharmacokinetic and statistical analysis. Plasma drug con-
centration data was subjected to nonlinear least-squares
regression analysis by the NONLIN computer program,
and pharmacokinetic parameters calculated [17]. Total-
body clearance was calculated as the dose of drug admin-
istered divided by the area under the plasma concentration
- time curve from time O to infinity. Elimination of
[“C]CO, in the breath from metabolism of ['*C]5-fluorou-
racil was analyzed by the rate-excretion method [17] to ob-
tain first-order rate constants for elimination of parent
drug and [“C]JCO,. Groups of data were compared for sta-
tistical significance according to Student’s t-test [50].

Results
In vitro studies

Mice killed 6 days and 8 days after IV injection of P388
leukemia cells exhibited splenomegaly and mottling of the
liver. The mottling was shown histologically to be due to
infiltration of the liver with leukemia cells. The degree of
mottling was greater in the mice killed on day 8 than in
those killed on day 6. Liver weights of mice on day 6 were
not significantly different from control values, but on day
8 liver weight had increased by 49% due to tumor (Table
1). Mice killed on day 8 after IV injection of P388 leukem-
ia exhibited decreased levels of hepatic microsomal cy-
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tochrome P-450 and bs (42% and 79% of control values, re-
spectively), NADPH-cytochrome P-450 reductase activity
(65% of control), and microsomal metabolism of biphenyl
to 2- and 4-hydroxylated biphenyls (40% and 68% of con-
trol, respectively) (Table 1). No change was exhibited in
any of these parameters in mice killed on day 6 after IV
injection of P388 leukemia (Table 1).

A decrease in hepatic microsomal cytochrome P-450
was also observed in mice that received 10° P388 leukemia
cells IP. The mean hepatic cytochrome P-450 (nmol/liver:
+ SEM) was 22.1 £0.4 in control mice (n = 5) and 15.8
+1.1,8.1 £0.8 and 8.4 £0.5(n = 3, P <0.01 for all 3 va-
lues) in mice that had received tumor cells 7, 9, and 10
days previously.

Microsomes prepared from P388 leukemia cells con-
tained no detectable cytochrome P-450, although
NADPH-cytochrome P-450 reductase was present at 28.6
+11.7 nmol/min/mg protein. There was no detectable bi-
phenyl hydroxylase activitiy in microsomes from P388
cells, and biphenyl hydroxylation could not be detected
when P388 cells were grown in the presence of 10 uM bi-
phenyl for 24 h (results not shown).

In vivo drug disposition studies

Plasma concentrations of cyclophosphamide in mice in
which P388 leukemia had been induced were elevated
compared with control mice at all time points up to 75 min
after IP administration of the drug (Fig. 1). Plasma elimi-
nation of cyclophosphamide was biphasic, with initial and
terminal half-lives in control mice of 6.7 min and 34.8 min,
and in P388 leukemia-bearing mice of 9.8 and 38.4 min, re-
spectively. Total-body plasma clearance of cyclophospha-
mide was decreased from 97.2 ml/min/kg in control mice
to 53.0 ml/min/kg in mice with induced P388 leukemia.

In vivo metabolism of ['*C]5-fluorouracil was mea-
sured by elimination of ['*C]JCO, in the breath. Excretion
of [']CO, over 3 h was decreased by 33.3% in mice inocu-
lated 8 days previously with P388 leukemia compared with
control mice (Fig.2). A similar decrease was seen in
['*C]CO, excretion in the breath of mice in which P388 leu-
kemia had been induced by IP injection of cells 8 days

Table 1. Effect of P388 leukemia on hepatic drug metabolizing activity in mice

Non-tumor- Tumor-bearing
bearing
Day 6 Day 8

Liver weight (g) 1.75 = 0.05 1.66 £ 0.13 (95) 2.61 £ 0.212(149)
Cytochrome P-450 (nmol/liver) 19.2 = 0.7 172 =+ 1.8 (90) 80 £ 122 (42)
Cytochrome b; (nmol/liver) 48 £ 0.2 50 +04 (104) 38 £04 (79
NADPH-Cytocrome P-450 reductase
(umol/min/liver) 2.27 + 0.04 2.65 + 0.27 (116) 1.47 £ 0.072 (65)
Biphenyl 2-hydroxylase
(nmol/min/liver) 8.89 + 0.68 8.57 + 0.62 (96) 3.58 £ 078 (40)

Biphenyl 4-hydroxylase
(nmol/min/liver)

263 = 0.6 256 =14

©7) 178 + 25 (68)

Values are means + SEM from six animals. Values in parenthesis are percentages of controls.
Values are expressed in terms of total liver activity and are thus independent of changes in liver weight or

protein content due to infiltration of the liver by tumor
2 P < 0.05
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Fig. 1. Effect of P388 leukemia on plasma cyclophosphamide con-
centrations. Cyclophosphamide was administered IP at a dose of
65 mg/kg to O non-tumor-bearing mice and O mice exposed IV
8 days previously to 10° P388 leukemia cells. Each point is the
mean of 6 mice; bars, SEM. Inset, semilogarithmic plot of the
same data with computer-generated fits to the data shown by the
continuous lines
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Fig. 2. [“C]CO, in breath of mice given ['*C-2]5-fluorouracil. [*C-
2]5-fluorouracil was administered IP at 100 mg/kg, 5 nCi, to: O
control mice, n = 5; ® mice exposed IV 8 days previously to 10°
leukemia P388 cells, n = 4; A mice pretreated with carbon te-
trachloride, 0.32 ml/kg 24 h previously, n = 4; and O non-tu-
mor-bearing mice that had received IP injections for 4 days of
cell-free ascites fluid from P388-bearing mice previously inoculat-
ed IP with P388, n = 3. Values are means of n observations and
are plotted at the midpoint of the collection period. Bars, SEM

previously (results not shown). Carbon tetrachloride, a po-
tent hepatotoxin in mice [18], was used as a positive con-
trol to show the effects of liver damage on ['*C]5-fluorou-
racil metabolism. Excretion of ['“C]CO, in the breath over
3 h was reduced by 69.3% in carbon tetrachloride-pretreat-
ed mice compared with control mice. The slopes of the de-
cay phase of the ['*C]JCO, breath elimination curves in
Fig. 2 were used to obtain apparent first-order rate con-
stants for elimination of parent [**C]5-fluorouracil (K) and
['*C]CO, (k,,.,) by the rate-excretion method [17]. The slope
of the lines gives either K or k, whichever is rate-limit-

Table 2. [*C-2]5-Fluorouracil metabolism to [*C]-CO, in the
breath of mice

Treatment n % Excreted k., K

asCO,in3h min-! min-!
Control 5 30915 0.028 + 0.001 0.099 £ 0.11
P388 Tumor 4 20.6 + 1.82  0.011 &+ 0.001> 0.050 + 0.0092
CCl, 4 9.5 £ 1.6°  0.019 = 0.002* 0.061 £ 0.0042
Ascites fluid 3 30.5 + 0.9 0.031 £ 0.002

Values are means £ SEM; n is the number of animals. In P388-
bearing mice and carbon tetrachloride-treated mice k., and K
were calculated by the method of residuals [17] from the data in
Fig. 2. K could not be calculated directly for control and ascites
treated mice because of insufficient data, but for control mice
was measured directly from 5-fluorouracil in plasma

a P<0.05; v P< 0.01, compared with control value
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Fig. 3. Effect of P388 leukemia on indocyanine green clearance.
Groups of four mice received indocyanine green, 10 mg/kg, into a
tail vein. O, non-tumor-bearing mice; O mice given IV injections
8 days previously of 10° P388 leukemia cells. Values are means +
SEM. Continous lines are computer fits to the data

ing [17]. Direct hplc determination of 3-fluorouracil in
plasma of control mice receiving nonlabeled 5-fluoroura-
cil, 100 mg/kg, gave K = 0.099 min™* (these studies are not
shown). It appears likely, therefore, that the terminal seg-
ment of the excretion time plots for [“C]JCO, gives k.
This has been assumed in Table 2. P388 leukemia and car-
bon tetrachloride pretreatment produced significant de-
creases in K and k.. Ascites fluid taken from mice in
which P388 leukemia was induced by IP cell injection, and
injected into control mice had no effect on the rate of eli-
mination of ['*C]JCO, (Fig. 2 and Table 2).

The effect of P388 leukemia injected 8 days previously
on plasma elimination of indocyanine green is shown in
Fig. 3. Plasma levels of indocyanine green were consistent-
ly higher in P388 leukemia-bearing mice than in control
mice. Total-body plasma clearance of indocyanine green
was 36.0 ml/min/kg in control mice and 11.3 ml/min/kg
in P388 leukemia-bearing mice. P388-bearing mice showed
a small but nonsignificant (P > 0.05) decrease in the
excretion of indocyanine green in the bile over 3 h, ex-
pressed as a percentage of administered dose with values
(x SEM) of 63.4% +4.3% (n = 7) in tumor-bearing mice,



compared with 74.1 £3.6 (n = 5) in control mice. The vo-
lume of bile secreted over 3 h was 335 =17 pl in P388 leu-
kemia-bearing mice and 288 +35 pul in control mice.

Hepatic damage

P388 leukemia produced only moderate signs of liver da-
mage in mice 8 days after IV injection. Serum glutamate
pyruvate transaminase activity (+ SEM) was increased
from 29.1 £ 4.0 IU/l (n = 4) in control mice to 282.7 £
35.1 (n = 5, P <0.01) in P388-bearing mice. Serum total
bilirubin was not significantly elevated, with 0.33 + 0.07
mg/100 ml in experimental, and 0.24 = 0.04 mg/100 ml (P
>0.05) in control mice.

Discussion

Despite a number of studies on the effects of primary and
transplantable solid tumors on hepatic microsomal drug-
metabolizing activity [2, 3, 5-9, 12, 20, 25, 27, 28, 30-32,
37, 44, 46, 48, 49, 56—58] and on in vivo drug pharmaco-
kinetics [4, 15, 29, 45, 46, 48] there have been few studies of
the effects of transplantable leukemias on drug metabo-
lism and disposition. Lavigne et al. [34] reported an in-
crease in the absorption, and in tissue concentrations of
radioactivity from orally administered [**C]cyclophospha-
mide in mice with advanced intraperitoneal L1210 leu-
kemia. Sonneveld and van Bekkum [52] reported consis-
tently higher serum doxorubicin concentrations in rats
with advanced intravenous Brown-Norway myeloid leu-
kemia, but lower doxorubicin concentrations in tissues in-
filtrated with leukemic cells. Andersson et al. [1] found a
marked reduction in the plasma clearance, and a reduced
volume of distribution of daunorubicin in rats with adv-
anced intravenous Sutton-August acute non lymphocytic
leukemia. It was suggested by Andersson et al. [1] that im-
paired liver function was only partly responsible for the
decreased clearance of daunorubicin in tumor-bearing ani-
mals, since serum liver enzymes and bilirubin indicated
only moderate liver damage.

In the present study we observed an increase in serum
glutamate oxaloacetate transaminase activity but no
change in serum total bilirubin concentration in mice that
received injections of P388 leukemia IV, despite extensive
infiltration of the liver with tumor and a large increase in
liver weight. This is similar to the clinical picture of leu-
kemia and lymphoma infiltration of the liver, where in
general only small changes in serum liver enzymes and bi-
lirubin are seen [16]. It appears that although P388 leukem-
ia cells infiltrate the liver of mice they do not damage he-
patocytes directly.

Despite the absence of signs of marked liver damage
mice with advanced leukemia P388, 8 days after IV injec-
tion of 10° P388 leukemia cells exhibited a decrease in the
levels of all the components of the hepatic microsomal
mixed-function oxidase. Studies of biphenyl metabolism
showed that the activities of at least two forms of cyto-
chrome P-450, phenobarbital-inducible and aromatic hy-
drocarbon-inducible cytochrome P-450s, were decreased
in P388 leukemia-bearing mice. In vivo plasma clearance
of cyclophosphamide, a drug that is extensively metabo-
lized by hepatic cytochrome P-450 [48], was decreased 45%
in mice with induced P388 leukemia compared with con-
trol mice. The liver is an important site of 5-fluorouracil
metabolism [10], the rate-limiting step being reduction by
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cytosolic dihydrouracil dehydrogenase to dihydro-5-flu-
orouracil [40]. This is followed by conversion to CO,, urea,
ammonia, and a-fluoro-B-alanine [51]. Metabolism of
5-fluorouracil to CO, was inhibited in P388 leukemia-bear-
ing mice with a decrease in the apparent first-order rate
constants for elimination of both 5-fluorouracil and CO,
compared with control mice.

Indocyanine green plasma clearance was decreased
69% in P388 -bearing mice compared with control mice.
Indocyanine green clearance has been widely used in man
to study hepatic function and to measure liver blood flow
[36]. Whether indocyanine green plasma clearance can be
taken as a measure of hepatic blood flow in mouse is not
known. The value of 36 ml/min/kg obtained in the pres-
ent study for indocyanine green plasma clearance in non-
tumor-bearing mice is close to the reported hepatic plasma
flow in rat of 40 ml/min/kg [35]. It is probable that the eli-
mination of indocyanine green in mouse is dependent on
hepatic blood flow. If this is the case, an explanation for
the decreased indocyanine green clearance in P388-bear-
ing mice could be a decrease in hepatic blood flow. Other
mechanisms for the decrease in indocyanine green clear-
ance cannot be ruled out, however. The results of the
study, therefore, suggest two mechanisms by which P388
leukemic cell infiltration of the liver might decrease drug
elimination. A decrease in the intrinsic drug-metabolizing
activity of the liver could lead to a decreased clearance of
drugs whose; elimination is capacity-limited, while a de-
crease in liver blood flow could lead to decreased clear-
ance of a drugs whose elimination is flow-dependent. Only
one tumor system has been studied, and whether the re-
sults are applicable to other infiltrative tumor systems is
not known.

The mechanism for the decrease in hepatic drug me-
tabolism reported with solid tumors has not been elucidat-
ed. Blood from solid tumor-bearing rats contains a factor
that depresses drug-metabolizing activity of the isolated
perfused liver from non-tumor-bearing rats [2, 3, 12] and
in non-tumor-bearing rats in vivo [6, 46], but only when
the solid tumor grows large enough to become necrotic,
suggesting that the release of an inhibitory factor is de-
pendent upon tumor cell death [20, 49]. Solid tumors grow-
ing in the ascites form have also been found by some [4,
37, 46], although not all, investigators [49] to depress he-
patic drug-metabolizing activity. Toxohormone, a cata-
lase-depressing factor that can be isolated from some solid
tumors, has been found in the intraperitoneal fluid asso-
ciated with ascites tumors [39]. Takahashi and Kato [54]
have reported that toxohormone causes a decrease in the
activity of the hepatic microsomal mixed-function oxidase
similar to that produced by solid tumor. We have found no
evidence that ascites fluid from mice with intraperitoneal
leukemia P388 contains a factor capable of decreasing the
hepatic metabolism of 5-fluorouracil, although we did not
study the effects on mixed-function oxidase activity. An
alternative explanation for the decrease in hepatic drug-
metabolizing activity produced by leukemia P388, and one
that finds support from the decreased clearance of indocy-
anine green, is that liver cells are deprived of oxygen and
nutrients by rapidly growing tumor in the liver due to, or
coupled with, a physical obstruction of hepatic blood flow.

The implications of the findings of the present study
with mice for patients with tumors that infiltrate the liver,
e.g., leukemia, neuroblastoma and lymphoma, are not
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known. Higuchi et al. [23] reported no difference in the
half-life of antipyrine between a small group of patients
with acute leukemia prior to treatment and noncancer pa-
tients. The patients in this study did not, however, have
leukemic cell infiltration of the liver.

In summary, mice in which P388 leukemia had been
induced by IV or IP cell injection were found to exhibit a
decrease in the components of the hepatic microsomal
mixed function oxidase and in the microsomal metabolism
of biphenyl at a time when the liver became extensively in-
filtrated with leukemic cells. There was also a decrease in
the in vivo plasma clearance of cyclophosphamide and in
the metabolism of 5-fluorouracil to CO, at the same time.
Serum glutamate oxaloacetate transaminase activity was
moderately elevated in tumor-bearing mice, but serum to-
tal bilirubin showed no change. Ascites fluid from animals
in which tumor had been inoculated IP did not contain a
factor that could inhibit 5-fluorouracil metabolism. The
plasma clearance of indocyanine green was decreased in
P388 leukemia-bearing mice, suggesting that there may be
a decrease in the hepatic blood flow in these animals.
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