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A B S T R A C T The process by which various anions,
including bilirubin and several dyes, drugs, hormones
and their metabolites, are transferred from plasma into
the liver cell is poorly understood. Two hepatic cyto-
plasmic proteins, Y and Z, that bind various organic
anions in vivo and in vitro have been postulated to be
involved in this process.
The concentration of Y, the major organic anion-

binding protein, increases in rat liver after administra-
tion of phenobarbital in association with enhanced or-
ganic anion transfer from plasma into liver as deter-
mined by initial plasma disappearance rate (K1) and
hepatic dye content for sulfobromophthalein (BSP) and
indocyanine green (ICG), as well as increased relative
hepatic storage of BSP. Acute bile duct ligation failed
to alter plasma disappearance or hepatic content of BSP
in normal or phenobarbital-treated rats.

Other drugs and chemicals which cause proliferation
of hepatic smooth endoplasmic reticulum and enhance-
ment of drug metabolism, such as allylisopropylaceta-
mide, dieldrin, DDT, 3-methylcholanthrene, and benz-
pyrene increased Y and BSP K1 and, where studied,
hepatic BSP content. Alcohol feeding had no effect on
Y. Z, or K1 for BSP.
Hypophysectomy and thyroidectomy increased Y but

decreased K1 and, where studied, hepatic content of
BSP. Of several hormones studied, only thyroxine re-
stored Y and K1 to normal in hypophysectomized or
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thyroidectomized rats. Mice with congenital pituitary
insufficiency also manifested increased Y which returned
to normal after thyroxine administration. In hormone-
deficient rats and mice, phenobarbital administration
produced a further increase in Y suggesting that dif-
ferent mechanisms may be responsible for the change
in Y resulting from drug administration and hormonal
deprivation. Thyroxine, testosterone, or hydrocortisone
did not alter BSP K1 or Y in normal rats.

Cholestasis produced by ethinyl estradiol administra-
tion or biliary obstruction reduced Y, Z, BSP K1, and
hepatic BSP content.
These results support the hypothesis that Y and Z

are involved in the transfer of BSP, ICG, and possibly
other organic anions from plasma into the liver. The
concentration of Y increased after administration of
various drugs and chemicals as well as in thyroid de-
ficiency. Thyroid hormone appears to be important in
regulation of the intracellular concentration of Y. Be-
cause thyroid deficiency increased Y but decreased BSP
K1 and hepatic BSP content, other factors beside Y and
Z influence hepatic organic anion uptake.

INTRODUCTION

Two cytoplasmic protein fractions, Y and Z, that bind
bilirubin, sulfobromsulphalein (BSP),' and other organic
anions in vivo and in vitro have been identified in verte-
brate liver (1, 2). Y was measured in various rat tissues
using a dye-binding technique, and was present exclu-
sively in liver, whereas Z is also present in small in-

1Abbreviations used in this paper: AIA, allylisopropyl-
acetamide; BSP, sulfobromophthalein; ICG, indocyanine
green; K1, plasma disappearance rate; S, relative storage
capacity; Tm, transport maximum.
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testinal mucosa (1). A specific Y protein and a specific
Z protein have been purified and characterized and are
responsible for the major portion of organic anion
binding by each fraction2 (3). We have proposed that
Y and Z proteins may be involved in the selectivity with
which various organic anions are transferred from
plasma into the liver cell. This hypothesis is based on
(a) the tissue distribution of Y and Z (1); (b) com-
petition between several organic anions for uptake in
vivo and binding to Y and Z in vitro (1); (c) onto-
genetic development of Y, the major organic anion-
binding protein (1) in guinea pig (4) and in monkey
(5); (d) apparent absence of Y and Z in fish and gill-
breathing amphibia which lack selective hepatic BSP
uptake (2), and (e) presence of Y and Z in liver from
lung-breathing amphibia, reptiles, birds, and mammals,
including man, which manifest selective hepatic organic
anion uptake in vivo (2). In addition, (f) the concen-
tration of Y in rat liver increases after administration
of phenobarbital simultaneously with increased initial
plasma disappearance rate (K1) of BSP which was used

as an indirect measure of hepatic BSP uptake (6).
In the present experiments, we have sought to con-

firm that hepatic organic anion uptake is increased
after phenobarbital administration by estimating Y and
Z as well as hepatic dye content and K1 in rats utilizing
BSP and indocyanine green (ICG), a nonmetabolized

organic anion. Various drugs and chemicals, previously
shown to result in hepatic smooth endoplasmic reticu-
lum proliferation, increased the hepatic concentration
of Y and enhanced hepatic uptake of BSP as determined
by K1 and, when studied, hepatic dye content. In order
to investigate hormonal control of Y and Z, similar

studies were performed in hypophysectomized and thy-
roidectomized rats and mice with an inheritable pituitary
deficiency before and after treatment with various hor-
mones and drugs.

Because ethinyl estradiol, which produces bile secre-
tory failure (cholestasis) in rats (7), reduced Y and
Z, the effect of mechanical cholestasis on the concen-
tration of Y and Z was also investigated.

METHODS

Animals. Male Sprague-Dawley rats (250-350 g) (Mar-
land Farms, Peekskill, N. Y.) were used in most of the
experiments. Female Sprague-Dawley and male rats of
Long Evans and Gunn (glucuronyl transferase-deficient
Wistar) strains were used when indicated.
Male Sprague-Dawley rats were hypophysectomized or

thyroidectomized (Charles River Breeding Laboratories,
Wilmington, Mass.) when weighing 90-120 g and studied
40 days later except when other periods are specified. Un-

2Levi, A. J., G. Fleischner, J. Robbins, Z. Gatmaitan, and
I. M. Arias. 1971. Purification and characterization of an
organic anion-binding protein from liver cytoplasm. In
preparation for publication.

operated male Sprague-Dawley rats with similar dates of
birth served as controls.
Female mice of strains dw/dw (Snell's homozygous con-

genital hypopituitary dwarf mice) and DW/J (heterozy-
gous) were obtained from the Jackson Laboratory, Bar
Harbor, Maine (8, 9).
Animals were fed Purina rat or mouse chow and water

ad libitum. Drugs were injected subcutaneously daily to
groups of 3-10 animals for 6-14 days.
Drugs. Sodium phenobarbital was dissolved in 0.9%

NaCl. Adult rats received 8 mg/100 g body weight daily
except in the dose-response study when daily doses ranged
from 0.2 to 15 mg/100 g. To permit survival, the highest
dose group received increasing amounts of drug for 3 wk
and then 15 mg/100 g daily for 10 days. Hypophysectomized
and thyroidectomized rats were given 4 mg/100 g body
weight daily. Mice received 7 mg/100 g body weight intra-
peritoneally.

Allylisopropylacetamide (AIA), dissolved in 0.9% NaCl,
was injected daily into normal (30 mg/100 g) and hypophy-
sectomized (10 mg/100 g) rats for 6 days.
D iel drin (hexachloro-octahydro-dimethanonaphthalene)

and DDT (trichloro-p-chlorophenylethane) were dissolved
in corn oil and 2 mg/100 g body weight was injected for
6 days to normal rats. The same dose of DDT was used in
hypophysectomized rats.
3-Methylcholanthrene and 3,4-benzpyrene were dissolved

in corn oil and 1 mg/100 g was injected for 6 and 10 days,
respectively, to normal rats. The same dose of 3-methyl-
cholanthrene was injected into hypophysectomized rats.

Five adult female Sprague-Dawley rats received a diet
for 5' wk in which 36% of calories were derived from
ethyl alcohol. Five pair-fed rats received an alcohol-free,
complete diet.
Hormones. L-Thyroxine dissolved in 0.9% NaCl, was

administered daily as follows: normal rats, 5 ,ug/100 g for
6 days; hypophysectomized rats, 14 pg/100 g for 6 days,
and thyroidectomized rats, 0.9-5.5 ,ug/100 g for 6 days.

Hydrocortisone sodium succinate, dissolved in 0.9% NaCl,
was administered daily to normal rats (96 or 250 ,ug/100 g
for 8 days) and hypophysectomized (100 ,ug/100 g for 8
or 13 days).

Testosterone propionate, dissolved in corn oil, was injected
into normal male rats (0.7 mg/100 g for 6 days).

Ethinyl estradiol was dissolved in corn oil. Female normal
rats received 0.75 mg/100 g daily for 11 days.

Control groups consisted of three or four normal, hypoph-
ysectomized, or thyroidectomized rats, and DW/J or dw/dw
mice which received similar volumes of saline or oil injec-
tions for 6-10 days. The results in these animals were simi-
lar to those observed in untreated animals. Data obtained
from adult male rats injected as controls were pooled with
results from 11 untreated animals and used as "normals"
for statistical comparison with results from drug or hor-
mone-injected male rats.
Methods. All experiments were performed 15-20 hr after

the last injection. Y and Z protein fractions were quanti-
tated using a standard procedure which has been demon-
strated to be reproducible (1). Portions of 100,000 g super-
nate, representing 1 g of liver from each animal, were
mixed with 3.75 mg of BSP and placed on a Sephadex G-75
column (2.5 X 43 cm). Elution was performed with 0.01 M
phosphate buffer, pH 7.4, using pump-driven upward flow.
Protein concentration was estimated by absorbance at 280
meu, and protein-bound BSP by absorbance after alkalinization
with NaOH at 580 mu using a Beckman-Gilford Spectro-
photometer (Beckman Instruments, Fullerton, Calif.). Y
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and Z fractions were measured by triangulation of the area
under each peak of 580 m~u absorbance and expressed as
units/gram of liver or units/100 g body weight. 1 unit is ar-
bitrarily equivalent to 1 mg of BSP bound per fraction.
Liver weight was determined before perfusion but after the
organ was washed in cold saline and subsequently blotted.
Y and Z were quantitated in livers of animals which re-
ceived BSP injections for plasma disappearance studies.
The background of BSP in these livers did not affect quan-
titation of Y and Z as excess BSP was added before frac-
tionation on Sephadex G-75.

In separate experiments, Y and Z proteins were quanti-
tated by acrylamide gel electrophoresis and densitometry.
Portions of 100,000 g supernate, equivalent to 4 g of rat
liver, were mixed with 7.5 mg of BSP and chromatographed
on a Sephadex G-75 column (3 X 90 cm). Similar volumes
of eluate from the peak tubes in each fraction were concen-
trated 5 times (Y fraction) or 15 times (Z fraction) by
ultrafiltration. Portions of eluate representing similar vol-
umes of each original fraction were submitted to vertical
electrophoresis (E-C Apparatus Corp., Philadelphia, Penn.)
in 5% acrylamide gel in 0.1 M barbital HCI, pH 9.6. The
protein bands were stained with Amido-Schwarz and quan-
titated using a recording densitomer. Any BSP which
was present in Y or Z fraction was removed during
electrophoresis and did not interfere with the study of pro-
teins. Y and Z proteins were identified and quantitated den-
sitometrically by comparison with known amounts of stan-
dard purified protein which was electrophoresed simultane-
ously in each gel. Standard optical density-concentration
curves using purified rat albumin and Y protein were ob-
tained under the same conditions. Y concentrations from 5
to 175 /ug per gel slot gave straight lines after densitometry.
Each sample contained less than 150 ,ug of Y or Z proteins.

Because there is no completely satisfactory method for
quantitating plasma-liver cell bidirectional organic anion-
transfer rates, the following indirect measures were used:

1. The initial disappearance rates from plasma of single
intravenous doses of BSP (5 mg/100 g) or ICG (1 mg/100
g), expressed as the first order rate-constant, K1, were
determined from four to eight carefully timed plasma sam-
ples obtained from 2 to 7 min after dye administration (10,
11).

2. 5i min after intravenous administration of BSP to
rats, which were lightly anesthetized with ether, laparotomy
was performed and, in less than 1 min, the liver was re-
moved, weighed, and rapidly perfused through the hepatic
and/or portal vein with 10-20 ml 0.9% NaCl in order to
remove blood. A 10% liver homogenate was prepared in
distilled water and 1 ml of saturated toluenosulfonate was
mixed with each 1 ml of homogenate. 1.0 ml of 50% tri-
chloroacetic acid was added to precipitate proteins from
which BSP had been displaced. After centrifugation for 20
min at 2000 rpm in an International centrifuge, the super-
nate was filtered through Whatman No. 2 filter paper. 5
ml of clear supernatant, 2 ml of concentrated NaOH, and
3.0 ml distilled water were mixed, and optical density of
the solution was determined in a Beckman DU spectropho-
tometer at 580 mA. BSP was quantitated from a standard
curve prepared after similar analysis of known amounts of
the dye. ICG was estimated in liver homogenates after per-
fusion in a similar manner. The toluenosulfonate-treated
filtrate was neutralized, brought to pH 7.0-7.4 with NaOH,
and 5 ml of filtrate was diluted with distilled water and
read against blank at 800 mu in a Beckman DU spectro-
photometer. ICG was quantitated by comparison with a

standard curve prepared with known amounts of the dye.
Recovery of BSP or ICG added to rat liver homogenates in
the range found in various experiments ranged from 78 to
96%. Benzpyrene and phenobarbital added in excess to liver
homogenate or plasma did not interfere with the chemical
estimation of BSP in plasma or liver. In several control
and drug-treated rats, bile duct and duodenal contents were
examined visually during laparotomy for ICG and for BSP
after alkalinization with NaOH; no dye was apparent. A
small terminal sample of the liver perfusion was tested and
trace amounts of dye were present but were not quantitated.

3. BSP hepatic removal rate, relative storage capacity
(S), and transport maximum (Tm) were determined in
four rats which received 8 mg phenobarbital/100 g daily
for 4 days; four rats which received a similar daily dose
of phenobarbital for 15 days, and seven saline-injected con-
trols, using the modifications proposed by Klaasen and Plaa
(12) of the method of Wheeler, Meltzer, and Bradley (13).
Under phenobarbital anesthesia, BSP (2.5 mg/min per kg)
was infused intravenously for 90 min at a constant rate
(0.034 ml/min) by a motor-driven pump (Harvard Appa-
ratus Co., Inc., Millis, Mass.). Plasma volume was deter-
mined by plasma dilution of intravenously administered
Evans blue (T-1824) (14).

4. In an effort to minimize the possibility that pheno-
barbital increased K1 by increasing bile flow, K1, Y, and Z,
and hepatic BSP content were determined after bile duct
ligation which was performed under light ether anesthesia
An increase in K1 under these circumstances probably re-
flects enhanced hepatic uptake rather than biliary excretion.
The effect of chronic biliary obstruction on K1, Y, and

Z, and hepatic BSP content was studied 3 days (three rats),
6 days (three rats), or 12 days (two rats) after bile duct
ligation and section.
During experiments requiring anesthesia, rectal tempera-

ture was monitored and maintained at 37-380C with a
heating lamp.

Student's t test and Pearson's correlation coefficient were
used for statistical analysis of results (15). P values equal
to or less than 0.05 were considered significant.

RESULTS

The following results concern the relationship between
changes in Y and various measures of hepatic organic
anion uptake in normal and phenobarbital-treated rats:

1. Table I presents dose-response relationships be-
tween Y, Z, and K1 in rats which received 0.2-15 mg
of phenobarbital/100 g daily for 10 days. Hepatic BSP
content was separately estimated in rats similarly treated
with phenobarbital (Table I). Y, K1, and hepatic BSP
content significantly increased with administration of
1.0-4.0 mg phenobarbital/100 g daily for 10 days.
Within the limits of the number of studies performed,
the results are not significantly different at the 4.0, 8.0,
and 15.0 mg dosage level. Increase in all three param-
eters occurred up to the 4.0 mg dosage range. Mean
liver/body weight ratios increased with increasing doses
of phenobarbital. Z was 0.39 ±0.06 units/100 g in control
rats and was unaffected by phenobarbital administration.

2. In 13 normal adult, male Sprague-Dawley rats
which received a single intravenous dose of ICG, K,
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TABLE I

Effect of Different Doses of Phenobarbital on Y, Liver Per Body Weight Ratio, K1 BSP, and Hepatic BSP Content
5 mim after Intravenous Administration of 5 mg dye/100 g

Phenobarbital Hepatic
dosage for No. BSP No. BSP Ratio,
10 days rats Y Ki rats content mean

mg/100 g Per day U/100 g mg/100 g liver/body wl

Control 10 0.62 ±0.04 0.198 :10.006 4 1.60 ± 0.09 3.6
0.2 4 0.6700.10 0.228 +0.007 2 1.61, 1.71 3.7
1.0 10 1.01 -40.08 0.242 ±40.010 4 1.95 ±-0.1 4.1
4.0 4 1.11 ± 0.12 0.258 ±0.007 4 2.10 -±0.10 4.6
8.0 10 1.33 ±i0.10 0.252 -±0.006 2 2.19, 1.98 4.9

15.0 4 1.38 --0.09 0.255 -0.004 2 1.96, 2.06 5.3

Studies of hepatic dye content were performed in different rats from those utilized in the other studies. Mean
liver per body weight ratios include all rats. Results are expressed as mean ±SE. See text for further pro-
cedural details.

TABLE I I
Effect of Phenobarbital on Hepatic Removal Rate, Transport Maximum (Tm), and

Relative Storage Capacity (S) of BSP in Adult Rats

Bile BSP BSP removal
Bile flow concentration rate Tm S

;d/min per kg mg/mi mg/min mg/min per kg mg/100 kg

Controls (7) 57.8 ±5.5 14.2 +0.5 0.59 ±0.02 0.82 ±0.07 0.52 ±0.09

Phenobarbital treated
14 days (4) 80.6* ±9.7 16.9 ±0.6 0.66* ±0.02 1.36* ±0.16 0.32 i0.05
4 days (4) 66.4 ±6.3 14.9 ±0.5 0.63* ±0.02 0.88 ±0.09 0.61* ±0.06

Figures indicate mean ±SE.
* P < 0.05.

was 0.218 +-0.007; in 4 other normal rats, hepatic ICG
content 51 min after injection of 1 mg dye/100 g was
0.49 ±0.09 mg/100 g. In nine rats pretreated with 8 mg
phenobarbital/100 g body weight for 10 days, K1 for
ICG was 0.269 +0.016; in four rats similarly pretreated,
hepatic ICG content was 0.61 ±0.11 mg/100 g. Differ-
ences in K1 and ICG content of liver between control
and treated rats were statistically significant (P < 0.01).

3. Phenobarbital administration for 4 days signifi-
cantly increased BSP removal rate, and S without in-
creasing Tm, bile flow, or bile BSP concentration
(Table II). Phenobarbital administration for 14 days
increased bile flow, bile BSP concentration, and Tm;
S was not significantly increased. K1 and Y were in-
creased by phenobarbital pretreatment (P < 0.02 and
0.001, respectively), even when the common bile duct
was acutely ligated for 15 min before measurement of
these parameters (Fig. 1). Hepatic BSP content was
not measured in these animals. The results are similar
to those observed in normal rats (Table I).

Because in another study (16), phenobarbital adminis-
tration failed to increase BSP binding by rat liver cyto-
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barbital ligation bile duct ligation
(22) (10) (31 (6)

FIGURE 1 Effect of acute bile duct ligation on K1, Y, and
Z in rats and the effect of pretreatment with phenobarbital.
Phenobarbital (8 mg/100 g) was administered daily for 6
days to adult, male rats. Common bile duct ligation was per-
formed in control and phenobarbital-treated rats. 15 min
later, BSP was injected intravenously and K1 was estimated.
Approximately 25 min after bile duct ligation, the animals
were killed and Y and Z were quantitated.

Hepatic Organic Anion-Binding Proteins 2245

I I

f
I I -1



1.50-

0 1.00

_K:ii __lj6 0.50-

N dfSpre-Dawley dfLog-Evoans C(Gunn 9Sprogue-Dowley
Control Pheno- Control Pheno- Control Pheno- Control Pheno-

borbital barbital borbitol barbital

Liver weight t22) (10) (7) (6) (3) (4) (7) (8)
Bcyweight),, 3.6 4.9 4.0 4.6 3.4 4.2 4.0 4.4

FIGURE 2 Effect of phenobarbital administration on K1, Y,
and Z in rats of both sexes and different strains. P < 0.05
as compared with the respective control groups. In this and
all subsequent figures, Y is designated by open bars and Z
by solid bars.

plasmic proteins, the possibility that strain or sex differ-
ences were involved in this effect was investigated.
Phenobarbital administration increased Y and simultane-
ously increased K1 in Sprague-Dawley rats of both
sexes, and in male Long Evans and Gunn rats (Fig.
2). After phenobarbital administration, Y increased in
each group of male animals from 164 to 225% of
basal values. The increases in Y and K1 were less in
female Sprague-Dawley rats than in males of the same
strain.

Administration of phenobarbital, AIA, dieldrin, DDT,
benzpyrene, and 3-methylcholanthrene increased Y, K1,
and liver weight relative to body weight in each group
(Fig. 3). DDT and dieldrin administration reduced Z
by 20 to 60%. BSP content of liver was increased after
benzpyrene administration by 18, 29% (two rats); after

0.3OQ-

UZO.200

AIA by 21, 29% (two rats), and after DDT by 18,
24% (two rats).

In 32 normal and 39 drug-treated male rats in which
K1 and Y were determined, Pearson's correlation co-

efficient was 0.72 (P < 0.02). Pearson's correlation co-
efficient between hepatic BSP content, measured in 4
normal and 25 drug-treated rats, and K1, measured in 32
normal and 39 drug-treated rats was 0.86 (P < 0.02).
In the same rats, the correlation coefficient between
hepatic BSP content and Y was 0.84 (P < 0.05).

In eight alcohol-fed rats, Y was 0.47 +0.02 (SE) and
Z was 0.11 ±0.03 (SE). BSP K1 was measured in other
similarly fed rats and did not differ from results ob-
tained in pair-fed controls.
The effect of several hormones on K1, Y, and Z was

studied in rats of both sexes. Dose and length of treat-
ment are indicated in Methods. Thyroxine or testos-
terone did not alter K1, Y, Z, or liver/body weight
ratios. Hydrocortisone (96 /Lg/100 g) did not increase
K1 or Y in five rats; however, in five rats receiving 250

Ag/I100 g, K increased by 25% and Y increased by 10%
when compared to saline-injected control rats. Ethinyl-
estradiol administration to four female rats resulted in
55% reduction in Y, (P < 0.05), 49% reduction in K1
(P < 0.05); 42% reduction in Z (P < 0.001), and
liver/body weight ratios were unchanged.
Hypophysectomy in male rats resulted in rapid in-

crease in Y and a slow decrease in Z (Fig. 4). 7 days
after hypophysectomy, Y increased 80% over control
values (P < 0.05) and did not change 40 or 280 days
after operation. Z was unchanged 7 days after hypophy-
sectomy, but was reduced to 40% of normal at 40 and
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>; barbital cholandree pyreve

Liver weight (22) (10) (5) (4) (7) (5) (4)

Body weight () 3.6 4.9 5.5 4.5 4.4 4.7 4.2

FIGURE 3 Effect of drugs and chemicals on K1, Y, and Z.
xp <0.001 as compared with normals; xxp <0.005 as com-
pared with normals.
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Liver weight (22) (5) (6) (11) (3)
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FIGURE 4 Effect of hypophysectomy on K1, Y, and Z. xP
<0.001 as compared with normals; XiP < 0.02 as compared
with normals.
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280 days after operation. K1 was 87% of normal values
7 days after hypophysectomy and did not change there-
after. Hepatic BSP content in five rats 40 days after
hypophysectomy was 71 ±7.1% of control values.

Phenobarbital and AIA increased Y and liver/body
weight in hypophysectomized rats without changing Z
(Fig. 5). In the doses used, DDT and 3-methylcholan-
threne did not alter Y, Z, K1, or liver/body weight ratio.
It was difficult to obtain adequately timed blood samples
in hypophysectomized rats, which explains the different
number of K1 determinations compared with Y and Z
measurements. In four phenobarbital injected hypophy-
sectomized rats, K1 increased but was not significantly
different from K1 in normal rats. In two similarly
treated hypophysectomized rats, hepatic BSP content was
within the normal range.

Hydrocortisone, testosterone, or progesterone, injected
daily for 8 days in hypophysectomized rats, did not
change the concentration of Y or Z (P > 0.05), (Fig.
6). Thyroxine reduced Y to normal levels (P < 0.01
when compared with results in hypophysectomized rats)
but did not change Z. K1 was not significantly modified
in hypophysectomized rats treated with hydrocortisone
or testosterone (P > 0.05); however, thyroxine (14
/Lg/100 g) restored K1 to normal in hypophysectomized
rats (P < 0.01 when compared with results in hypophy-
sectomized rats).

Because thyroxine was the only hormone tested which
returned Y and K1 to normal in hypophysectomized
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FIGuRE 6 Effect of hormones on K1, Y, and Z in hy-
pophysectomized rats. 40 days after hypophysectomy, malc
Sprague-Dawley rats received hydrocortisone, testosterone,
methoxyethynylestradiol, progesterone, or thyroxine daily,
for 10 days. K1 for BSP was measured when possible. Re-
sults are compared with saline-injected hypophysectomized
and normal rats.

rats, studies were performed in thyroidectomized rats
(Fig. 7). Thyroidectomy increased Y to 130%, re-

duced Z to 48%, reduced K1 to 66%, and reduced BSP
content in three animals to 70% of normal. Pheno-
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FIGURE 5 Effect of drugs and chemicals on K1, Y, and Z
in hypophysectomized rats. 40 days after hypophysectomy,
male Sprague-Dawley rats received phenobarbital, AIA,
DDT, or 3-methylcholanthrene. Results are compared with
saline-injected hypophysectomized and normal rats. xP
< 0.001 as compared with untreated hypophysectomized rats;
xXp < 0.02 as compared with normal rats, and 0.05 as com-
pared with untreated hypophysectomized rats.
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FIGURE 7 Effect of thyroidectomy and administration of
phenobarbital or thyroxine to thyroidectomized rats, on K1,
Y, and Z. 40 days after thyroidectomy, male Sprague-Daw-
ley rats (100-120 g) received phenobarbital, thyroxine, or
saline, daily for 7 days. Results are compared with normal
adult male rats. xP < 0.05 as compared with normal rats;
xXp < 0.05 as compared with saline-injected thyroidectomized
rats.
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TABLE I I I
Comparison between Y and Z Estimated by Densitometry Scanning of Stained Polyacrylamide-Gel after Electrophoresis,

and by BSP Binding Using Sephadex-G75

Hypox. and Hypox. and Thyrox. and
Normal Hypox. phenob. T4 Thyrox. T4

Studies with Y
Densitometry

Y fraction, jig protein/50 ,pd 185 208 218 128 160 100
Y protein, j5g/S0 g 47 64 92 37 48 42
Y protein in Y fraction, % 26 31 42 29 30 42
Y, % of normal 100 136 196 79 102 92-89

BSP binding

Y, units/g liver 0.19 0.29 0.42 0.17 0.25 0.18

% of normal 100 155 221 89 128 95

Studies with Z
Densitometry
Z protein, ag/50 ,d 147 129 44 51 91 138
% of normal 100 88 30 35 62 94

BSP binding

Z units/g liver 0.11 0.04 0.03 0.03 0.06 0.08
% of normal 100 44 33 33 66 88

Data were obtained in two separate experiments.

barbital administration. further increased Y and reduced
Z; K1 increased when compared with results in un-
treated thyroidectomized rats but did not reach normal
values. Administration of thyroxine (5.5 g/i100 g)
reduced Y or normal, increased Z, and restored K1,
liver/body weight ratio, and, in three rats, BSP con-
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FIGURE 8 Y and Z protein fractions in hypopituitary mutant
(dw/dw and normal mice (DW/J). Effect of phenobarbital
and thyroxine. Female hypopituitary dwarf mutant mice
(dw/dw) and female normal mice of the same strain (DW/
J) received phenobarbital (7 mg/100 g body weight per
day) or thyroxine (8 g/i100 body weight per day) intra-
peritoneally for 6 days. Controls received saline intraperi-
toneally for the same period. Each study was done using
livers pooled from three to four animals. xp < 0.025 as com-
pared to DW/J; xXp < 0.05 as compared to dw/dw.

tent to normal. A presumed physiologic dose of thy-
roxine (0.9 Mg/100 g) restored K1 to normal, increased
Z, but did not reduce Y/100 g probably because of an
increase in liver/body weight ratio. When Y was ex-
pressed per gram of liver, normal values were obtained.
Acrylamide gel electrophoresis and densitometry were

used to quantitate Y and Z proteins in hypophysecto-
mized and thyroidectomized rats before and after treat-
ment with phenobarbital or thyroxine. Densitometric
quantitation of Y and Z in various experiments were
compared with estimates of Y and Z by BSP binding
using Sephadex G75 (Table III). The correlation co-
efficients between Y and Z measured by both methods
were 0.99 and 0.83, respectively. Increase in Y con-
centration was observed in hypophysectomized or thy-
roidectomized rats, and was restored to normal after
thyroxine administration. Phenobarbital administered to
hypophysectomized rats gave the greatest increase in
Y. Z decreased in all experiments.
Y and Z in Snell's hypopituitary mutant (dw/dw)

and heterozygous mice (DW/J), and the effect of phe-
nobarbital and thyroxine are shown in Fig. 8. Mutants
(dw/dw) with hypopituitary dwarfism (8, 9) have al-
most double the concentration of Y per gram of liver
as compared to heterozygous, phenotypically normal
mice of the same strain (DW/J). Phenobarbital admin-
istration increased Y in mutants and normal mice to
186%. Z decreased in the mutants (P < 0.05). Admin-
istration of thyroxine to dw/dw mice for 6 days reduced
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Y to normal and slightly reduced Z. No studies of
hepatic dye uptake were performed, as mutants weigh
olily 5-6 g.
The effect of chronic mechanical cholestasis produced

by common bile duct ligation is shown in Fig. 9, and
Table IV. Y and Z for BSP and hepatic BSP content
progressively decreased. The results are comparable
with the effects of prolonged administration of ethinyl
estradiol in doses which result in bile secretory failure
(7). Y and Z were measured densitometrically as well
as by BSP binding using Sephadex G75 (Table IV)
and the results with each method showed correlation
coefficients of 0.95 for Y, and 0.98 for Z.

DISCUSSION

We have previously reported that after phenobarbital
administration to rats, Y, the major hepatic cytoplasmic
organic anion-binding protein, increases progressively
to attain maximal values by 6 days and returns to normal
approximately 9 days after drug withdrawal (6). The
full time course of response coincided with an increase
in the initial plasma disappearance rate (K1) of intra-
venously administered BSP used as an indirect measure

of hepatic uptake of an organic anion (7). Using a

different method of preparation, Grodsky, Kolb, Fanska,
and Nemechek (16) described a bilirubin and BSP-

binding protein fraction in rat liver; however, dye bind-

ing by this fraction was not increased after phenobarbital
administration. In the present experiments, correlation

100

- 75
E

o 50

>* 25

'OZ

3 6 12

DAYS AFTER BILE DUCT LIGATION

FIGURE 9 Effect of prolonged bile obstruction on Y and Z.
Livers were processed 3, 6, or 12 days after bile duct ob-
struction. Results are expressed as per cent of mean values
in 22 normal male Sprague-Dawley rats.

was shown between the dose of phenobarbital and in-
crease in Y, K1, and hepatic content of BSP. 8 mg of
phenobarbital/100 g maximally increased Y and, there-
fore, was used in subsequent experiments in adult rats.

Strain and sex differences in hepatic drug metabolism
and biliary excretory capacity for organic anions, in-
cluding bilirubin and BSP, have been reported in rats
(17-21). In the present study, the response of Y and K1
after phenobarbital administration was not unique to
either sex or to a specific strain of rat. In Sprague-

Dawley rats of both sexes, and male rats of three dif-

ferent strains, Y increased significantly after adminis-

tration of a fixed dose of phenobarbital for 6 days and

simultaneously, K1 for BSP increased. Although sex

and strain differences were found in the amounts of

Y and Z in untreated rats, the magnitude of the response

TABLE IV

The Effect of Cholestasis on Y and Z as Determined Densitometrically and by BSP Binding

Normal Bile duct ligation Ethinyl estradiol

Studies with Y
Densitometry
Y fraction, jug protein/50 Mul 149 119 112
Y protein, Mg/50 id 37 30 22
Y protein in Y fraction, % 25 25 20
Y, % of normal 100 64 34

BSP binding

Y, units/g liver 0.18 0.12 0.07

% of normal 100 67 39

Studies with Z
Densitometry
Z protein, Mug/50 Ml 114 68 33
% of normal 100 60 29

BSP binding

Z, units/g liver 0.11 0.07 0.03

% of normal 100 66 33

Data were obtained in two separate experiments.
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of Y to phenobarbital administration was similar in

each group. The relative Y reduction in Gunn as com-

pared with Sprague-Dawley rats (Fig. 2) was not fur-

ther studied by gel electrophoresis and densitometry,
and may result from competition for binding between

BSP and bilirubin endogenously bound to Y.

Because measurement of Y and Z by gel filtration and

dye binding is influenced by the size of the Sephadex
column, standardization of chromatography is essential
(1). The comparative quantitative results are significant
and are retained if a different size column is used; how-
ever, the absolute number of units of Y and Z vary (1).
In the present study, a standardized gel filtration sys-
tem was utilized and its reproducibility has been previ-
ously established. In some experiments, Y and Z were

separately quantitated by densitometry after gel elec-
trophoresis. The results correlated well with results
obtained by dye binding on Sephadex (Tables III, IV).
The transfer of BSP from plasma to bile includes

uptake into the liver cell, storage, partial conjugation
with glutathione, and subsequent excretion into the bile
canaliculus. Each of these parameters may be increased
after phenobarbital administration (20-23) and in-
creased BSP plasma disappearance could theoretically
result from any or several of these effects. In the
present studies, enhanced hepatic dye uptake probably
occurs after drug administration for the following rea-
sons: (a) initial plasma BSP disappearance rate was
increased when determined 2-7 min after a single in-
travenous injection when exponential disappearance of
dye is significantly influenced by hepatic uptake (10);
(b) suppression of bile flow by acute bile duct ligation
did not eliminate the increase in K1 for BSP in rats
treated with phenobarbital; (c) K1 for ICG, an organic
anion which is also selectively and rapidly transferred
from plasma to bile but without biotransformation in
the liver (24), also increased after phenobarbital ad-
ministration; (d) hepatic content of BSP and ICG
were increased after phenobarbital administration, and
(e) relative hepatic storage of BSP was increased in
rats treated with 8 mg phenobarbital/day for 4 days at
a time when Tm, but not bile flow was unaffected.
Relative hepatic storage of BSP was not significantly
different from normal in rats treated with phenobarbital
for 14 days, at which time bile flow and Tm were
increased (Table III).

Hepatic uptake in terms of bidirectional molecular
transfer across the plasma membrane cannot be mea-
sured directly. BSP is partially bound to serum albumin
(25) and a nonenergy-dependent mechanism for its rapid
and selective transfer into the liver has been proposed
(26). Direct measurement of hepatic BSP uptake re-
quires simultaneous kinetic estimates of bidirectional
flux across the hepatic cell plasma membrane. Neither

plasma disappearance data nor measurements of hepatic

dye content are entirely satisfactory as measures of

hepatic organic anion uptake. Each method has several

assumptions which may be questioned. However, in the

present study in normal rats, each of five different

estimates of hepatic uptake increased in association with

an increase in Y.

Administration of AIA, dieldrin, DDT, benzpyrene,
and 3-methylcholanthrene results in proliferation of
hepatic smooth endoplasmic reticulum, and increase in
various drug metabolizing enzymes and other hepatic
microsomal proteins (27).' When administered to nor-
mal adult rats, these drugs produced effects similar to

phenobarbital; Y increased whereas Z was normal or

decreased. When measured, hepatic BSP content in-
creased. The relationship between interaction of the
"inducer," hepatic endoplasmic reticulum, and increased
Y concentration requires further study.
Female rats receiving ethinyl estradiol in a dose

shown to produce cholestasis (7) had reduced Y, Z.
and KI for BSP. Direct measurement of Y and Z by
gel electrophoresis and densitometry confirmed the re-

duction noted by dye binding (Table IV). None of the
other hormones studied significantly influenced Y, Z,
or K1 in normal rats. Prolonger biliary obstruction
rapidly and progressively decreased Z; Y was reduced
more slowly and to a lesser extent (Fig. 9, Table IV).
The mechanisms by which biliary obstruction and ethi-
nyl estradiol administration reduce the concentration of
Y and Z and the relationship to cholestasis require fur-
ther study.
Hypophysectomy in rats and hypopituitarism in dw/

dw mice doubled the concentration of Y; Z was slowly
reduced to less than 50%. Similar changes were ob-
served in thyroidectomized rats, although Y increased
by only 30%. In hypophysectomized or thyroidecto-
mized rats and dw/dw mice, phenobarbital administra-
tion produced a further increase in Y and, in some
experiments, Z was reduced (Figs. 5, 7, and 8). The
additive effect on Y of hormonal deprivation and drug
administration suggests that each factor may increase
the concentration of Y by a different mechanism.
The apparent increase in Y after drug administration

or hormonal deprivation can theoretically result from
increased synthesis (induction), decreased degradation
(stabilization), or altered affinity of the protein for the
dye utilized in quantitation. Phenobarbital, insecticides,
and carcinogens increase microsomal protein synthesis
(28, 29). Because Y increases in response to drugs
which increase microsomal proteins and proliferate he-

3Wolff, J. A., A. D. Munro Faure, A. W. Peck, A. Bye,
R. Chang, and M. Jacobson. Effects of environmental chemi-
cals on the metabolism of drugs, carcinogens, and normal
body constituents in man. In press.
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patic smooth endoplasmic reticulum, Y may be synthe-
sized in the endoplasmic reticulum and subsequently
released in the cytoplasm. Y and Z are soluble proteins
and account for approximately 5 and 2% of total cyto-
plasmic proteins, respectively.! Their site of origin and
other possible subcellular localizations cannot be ascer-
tained by available methodology and require immuno-
logic study.
Y and Z are probably not the sole determinants of

hepatic organic anion uptake particularly as estimated by
plasma disappearance rates or hepatic content of BSP.
For example, K1 and hepatic dye content are reduced
in hypophysectomized and thyroidectomized rats al-
though Y is increased. In addition, mutant Southdown
sheep with impaired organic anion uptake in vivo have
Y and Z fractions in their liver although precise quan-
titation has not been performed (1). Changes in body
temperature, hepatic blood and lymph flow, plasma
membrane of the hepatocyte, and availability of com-
peting exogenous organic anions, probably influence
hepatic organic anion uptake. Body temperature was
maintained in the present experiments. Hepatic blood
flow was not measured. Hepatic plasma membranes bind
BSP and other organic anions in vitro (30) and com-
petition for binding by other organic anions occurs in
vivo (31).
Thyroxine was the only hormone tested which, in

physiologic doses, restored the concentration of Y to
normal in hypophysectomized and thyroidectomized rats.
Z increased after thyroxine administration only in thy-
roidectomized rats. In these animals, weight gain and
general improvement were obvious; K1 and where stud-
ied, BSP content became normal. In hypophysectomized
animals, changes in weight and body temperature were

minimal during thyroxine administration, and K1 re-

turned to normal only in animals treated with large
doses of the hormone. In dw/dw mice, thyroxine re-

stored Y to normal. Thyroxine administration did not

increase K1 beyond normal values whether the hormone

was administered to normal, hypophysectomized, or

thyroidectomized rats. These observations suggest that

thyroid hormone is important in the control of Y and

perhaps Z.

Increase in plasma disappearance of drugs has been

observed in animals pretreated with several drugs and

chemicals, including phenobarbital, insecticides, and

carcinogens,' and in man after administration of

phenobarbital and other drugs or exposure to insecti-
cides (29). This change has usually been attributed
to induction of microsomal drug-metabolizing enzymes.
Our experiments suggest an alternate possibility. The

increase in plasma disappearance of various compounds
after drug administration may be related to induction

of cytoplasmic binding proteins which facilitate hepatic
uptake of the respective organic anions.
The mechanisms whereby drugs, chemicals, and thy-

roid regulate the intracellular concentration of Y are

currently under investigation. Despite the indirect mea-

sures utilized to estimate hepatic organic anion uptake,
the present results support the hypothesis that Y and
Z are important in transfer of organic anions from
plasma into the liver.
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