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ANTONIO FRANCAVILLA, ALFREDO DI LEO,
PATRICIA K. EAGON, SHI-QUIN WU, PETER OVE,
DAVID H. VAN THIEL, and THOMAS E. STARZL

Department of Gastroenterology, University of Bari, Bari, Italy; Departments of Medicine,
Surgery, and Anatomy, School of Medicine, University of Pittsburgh, and the Veteran’s
Administration Medical Center, Pittsburgh, Pennsylvania

Estrogen receptor activity was quantitated in the
cytosol and nucleus of normal rat liver and in
regenerating rat liver at several time intervals after
75% hepatectomy. Cytosolic estradiol binding in
regenerating liver decreases at 12, 24, and 48 h after
hepatectomy and at 48 h is 30% of that in normal rat
liver. Nuclear estrogen binding 48 h after surgery is
elevated fivefold over normal values. No alterations
in affinity of the receptor for estrogen have been
observed. Specificity studies indicate that the estro-
gen receptors from both normal and regenerating
liver were similar and are highly specific for estro-
gens. These changes in cellular distribution of recep-
tors parallel increases in nuclear deoxyribonucleic
acid synthesis and mitotic indices in the liver.

The discovery of estrogen (1-7) receptors in the
cytosol of hepatocytes has stimulated research at-
tempting to define a possible role for steroid hor-
mones, particularly estrogens, in the pathogenesis of
hepatic disorders. Adenoma (8,9), focal nodular hy-
perplasia (10-13), hepatoma, and angiosarcoma (14—
17) are disorders which have been associated with
the long-term use of steroidal agents such as estro-
gen, androgens, and prednisone. The effect of estro-
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gen in promoting diethylnitrosamine-induced liver
tumors has been addressed recently by Wanless et al.
(18). These studies have shown that estrogens pro-
mote the development of hepatic neoplasms associ-
ated with increasing hepatocyte mitogenic activity.
In contrast, Mishkin et al. (19) has demonstrated that
in animals with acetylaminofluorine-induced hepat-
ic hyperplastic nodules, estradiol in combination
with tamoxifen resulted in regression of the nodules.
In a recent study, Porter et al. (20) found an increase
of estrogen receptor activity in the liver of individ-
uals with focal nodular hyperplasia occurring in
association with oral contraceptive use, and a de-
crease in estrogen binding activity was noted in
hepatic adenoma. In addition, Francavilla et al. (21)
recently reported a very low level of cytosolic estro-
gen binding activity in Morris hepatoma 7777 as
compared to normal rat liver.

Because a decrease in cytosolic estrogen binding
activity (i.e., receptors) appears to be associated with
an increased hepatocyte proliferative activity in
such neoplastic conditions, we investigated whether
partial hepatectomy, known to induce profound
changes in the remaining liver, also results in alter-
ations in cellular estrogen receptor distribution. We
report herein that liver resection induces a decrease
in cytosolic receptor and a concomitant increase in
nuclear receptor; each of these changes parallel
increases in nuclear deoxyribonucleic acid (DNA)
synthesis and mitotic index.

Materials and Methods
Animals '

Male Sprague-Dawley rats (250 g) used in these
studies were maintained on standard rat laboratory diet
and water ad libitum in a temperature- and light-con-
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trolled room. Partial hepatectomy was performed accord-
ing to the methods of Higgins and Anderson (22). All
operations were performed between 7:30 and 9:00 am
using ketamine anesthesia (10 mg/100 g body wt). In sham-
operated animals, the liver was manipulated in the same
manner as the livers of resected animals, and returned into
the abdomen. After partial hepatectomy, the animals were
killed by decapitation 3, 12, 24, 48, 72, 96, 144, and 192 h
later.

Materials

Estrone (E,), estradiol (E,), and estriol (E;) were
purchased from Steraloids, Wilton, N.H. Diethylstilbe-
sterol (DES), testosterone, 5-a-dihydrotestosterone (DHT),
progesterone, cortisone, bovine serum albumin, sodium
molybdate, and protamine sulfate were purchased from
Sigma Chemical Company, St. Louis, Mo. Norit A and
dextran C were obtained from Fisher Scientific Company,
Pittsburgh, Pa. [2,4,6,7,16,17-*H]estradiol, [*H]E,, 151 Ci/
mmol, and [methyl-*H|thymidine, 77 uCi/mmol, were
obtained from New England Nuclear, Boston, Mass. The
radiolabeled estrogens used in these studies were assayed
periodically for purity by thin-layer chromatography on
silica gel G in ethyl acetate/hexane/ethanol (85:10:5), and
were used only if purity was >95%.

Preparation of Cytosol

Approximately 10 g of liver was used for each
assay. All procedures were performed at 0°C. The liver was
minced and homogenized with a Brinkmann Polytron
(Brinkmann Instruments, Inc., Westbury, N.Y.) in 2 vol of
TED buffer: 0.01 M Tris-HCI, 1.5 mM ethylenediaminete-
traacetate (EDTA), 0.01 mM dithiothreitol, pH 7.4. The
resultant homogenate was centrifuged for 60 min at
105,000 g. The supernate was removed carefully to prevent
lipid contamination and treated with Norit A and dextran
C according to the technique of Chamness (3,23) to remove
endogenous free steroids. The final protein concentration
in the cytosol samples so prepared was 15-25 mg/ml.
Immediately before use, the cytosol was diluted to a final
protein concentration of 5 mg/ml.

Protamine Sulfate Assay

The protamine sulfate precipitate method was used
to assay cytosolic estrogen receptor; this method avoids
interference of [*H]E, binding to a high-capacity estrogen
binder of male rat liver cytosol (7). Two-tenths milliliter of
cytosol and 0.2 ml of protamine sulfate solution (1.5 mg/ml
in TED buffer) were combined in multiple replicate tubes
and mixed briefly. After standing for 5 min at 0°C, the
reaction tubes were centrifuged at 800 g for 10 min and the
supernate was removed by aspiration. A 250-ul aliquot of
radioactive steroid solution in TED buffer, with or without
unlabeled competing hormone, was then added to each
tube. After incubation for 18 h at 0°C, the supernate was
removed, and the precipitate in each tube was washed
with three 2-ml aliquots of cold TED buffer. The bottom of
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the reaction tube containing the washed precipitate was
placed in a scintillation vial with 2 ml of absolute ethanol
and extracted for 1 h, after which 10 ml of Instagel was
added (Packard Instrument Co., Inc., Downers Grove, I11.).

Cytosol Binding Studies

Protamine sulfate precipitates of 200-ul aliquots of
hepatic cytosol were prepared and incubated with varying
concentrations of [®H]E; over a range of 0.15-5 nM in the
absence (total binding) and presence (nonspecific binding)
of 100-fold excess of unlabeled E, for 18 h at 0°C. These
conditions yield maximum binding and represent equilib-
rium conditions (7). Specific binding was obtained by
subtracting nonspecific binding from total binding. Scat-
chard analysis (24) was performed using the specific
binding values. The slope and y-intercept of the apparent
linear relationship were determined by use of the un-
weighted linear regression program of the TI 55 calculator
(Texas Instruments, Houston, Tex.). Metabolism of [*H]E,
was assessed by extracting a standard 18-h incubation
sample with 5 vol of ether; the extract was dried under N,
redissolved in ethanol, and subjected to thin-layer chro-
matography in benzene/ethanol (9:1, vol/vol) with appro-
priate standards. Metabolism to estrone occurred in all
samples to some extent in 18 h; 23% and 56% of the
available [*H|E, was converted to estrone in normal and
48-h posthepatectomy liver, respectively. Sufficient estro-
gen is present for binding however, in that <10% of the
total [*H]E, added is bound to the receptor. Furthermore,
most of the estrogen binding to receptor is complete at 2 h
(7), but metabolism of [*HJE,; is undetectable at this time.
In studies to assess specificity of binding, a single concen-
tration (1.5 nM) of [®*H]E, was used in the presence and
absence of 100-fold excess concentration of various unla-
beled hormones, including E;, DES, E,, E3, progesterone,
testosterone, DHT, and cortisone.

Preparation of Nuclei

Control or hepatectomized liver (5 g) was homoge-
nized in three volumes of TEM buffer: 10 mM Tris, 1.5 mM
EDTA, 20 mM sodium molyhbdate, pH 7.4, using a Brink-
mann PT 10-35 Polytron. The homogenate was centrifuged
at 48,200 g for 20 min to pellet a crude nuclei preparation.
The crude nuclear pellet was then resuspended in SMH
buffer: 0.25 M sucrose, 3 mM MgCl,, 10 mM HEPES, pH
7.4, to the original volume of homogenate. The resuspen-
sion was centrifuged at 800 g for 10 min. The resulting
pellet was then resuspended in SMH containing 0.1%
Triton X-100 and homogenized in a Kontes Dounce ho-
mogenizer (Kontes Co., Vineland, N.J.). The nuclear sus-
pension was then washed two more times with SMH and
centrifuged at 800 g. The washed pellet was then resus-
pended to original volume in SMH. Cytosolic contamina-
tion of nuclei was assayed by determining the activity of
the alcohol dehydrogenase enzyme in cytosol (25) and the
washed nuclei. The cytosol contamination was found to be
no more than 2% in the nuclear preparation. The average
recovery of DNA in the nuclear preparation was 72.8% of
that in the homogenate.
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Figure 1. A. Specific binding of [®°H|E; by cytosol of normal and
regenerating male rat liver. Two-hundred microliter
aliquots of cytosol (5 mg/ml) from normal or regenerat-
ing rat liver 48 h posthepatectomy precipitated with
protamine sulfate were incubated with seven different
concentrations of [*HJE, (0.15—5 nM) for 18 h at 0°C in
the absence (total binding) and presence (nonspecific
binding) of 100-fold unlabeled E,. Specific binding was
calculated by subtracting nonspecific binding from to-
tal binding. Each point is the average of triplicate
determinations. B. Scatchard plot analysis of the specif-
ic [*HJE, binding data obtained using normal and
regenerating male rat liver. The specific binding data
illustrated in A was replotted according to the method
of Scatchard. Closed circles represent normal liver;
open circles represent regenerating liver in both A and

B.

Determination of Nuclear Binding Sites by
[’H]Estradiol Exchange Assay

Nuclear suspensions (0.2 ml) were incubated in the
presence of 10 nM [HJE, in TEM buffer with and without
a 100-fold excess concentration of unlabeled DES in etha-
nol; each assay was done in triplicate. The exchange assay
was accomplished by incubation at 30°C for 1 h, condi-
tions determined to be optimal for the exchange assay. The
reaction was stopped by chilling the tubes on ice for 5 min,
and free steroid was removed by first washing with the
addition of 2 ml SMH containing 0.1% Triton X-100 to
incubation tubes and then following with centrifugation at
800 g for 10 min. The nuclear pellet was then washed three
more times with 2 ml of SMH. The bound steroid was then
extracted from the nuclear receptor complex with 2 ml of
absolute ethanol at 30°C for 30 min. The ethanol extract
was counted with 10 ml of ACS in a Packard Tri-Carb
spectrometer. The remaining pellet was used for DNA
quantification.

Mitotic Index

The mitotic index of the liver was determined at
different times after hepatectomy. Hepatic tissues were
fixed in 10% buffered formalin, obtained by dilution of
37% aqueous solution of formaldehyde. Tissue sections
were stained with hematoxylin and eosin; the percentage
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of cells in metaphase was determined across 1000 cells
under oil immersion (xX950).

Deoxyribonucleic Acid Synthesis

Deoxyribonucleic acid synthesis was estimated on
the 1ist, 2nd, 3rd, 4th, 6th, and 8th day after partial
hepatectomy. Two hours before death, 50 uCi of [*H]thy-
midine solution was administered by intraperitoneal in-
jection of the rats. Extraction and purification of hepatic
DNA were carried out according to the method described
by Ove et al. (26,27), and the DNA content was measured
by the diphenylamine method of Burton (28) using calf
thymus DNA as standard. The incorporation of [*H]thymi-
dine into DNA was determined by measurement of specif-
ic activity of pure DNA obtained (counts per minute/
milligram of DNA).

Auxiliary Methods

Protein concentrations of cytosol were determined
using the method of Lowry et al. (29) and BSA as the
standard. The radioactivity content of samples was deter-
mined in a Packard Tri-Carb liquid scintillation spectrom-
eter. Results are expressed as mean * SEM. Statistical
analysis was performed using the Student’s nonpaired t-
test.

Results

A typical binding curve obtained by incubat-
ing protamine sulfate precipitates of normal male rat
liver with various concentrations of [*H]E; is shown
in Figure 1A. It is evident that the specific estradiol
binding observed is of limited capacity and satura-
ble. Figure 1B demonstrates the specific binding data
plotted according to the method of Scatchard. A
single class of binding sites for estradiol with a
uniform affinity is found (r = 0.92). In this particular
experiment, the binding capacity is 28.13 fmol of E,/
mg protein and the Ky is 0.83 nM.

Figure 1A also shows typical estrogen binding
data obtained using cytosol from the regenerating
liver of adult male rat 48 h after hepatectomy. As in
normal rat liver, the binding of [*H]E, in cytosol of
regenerating liver is of limited capacity and high
affinity. Figure 1B illustrates a Scatchard plot of the
specific binding data. A single class of binding sites
for estradiol with a uniform affinity was found (r =
0.93). The binding capacity was determined to be 8.6
fmol/mg and the Ky is 1.1 nM. In five separate
experiments on normal and regenerating liver (48 h
after hepatectomy), no alterations were noted in
affinity of the receptor for E, [normal liver: K4 = 0.66
+ 0.10 nM; regenerating liver: Ky = 0.74 = 0.19 (p =
NS)]. Sham-operated animals did not differ from
control animals in their hepatic content of estrogen
receptors.
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Figure 2. Cytosolic and nuclear specific [*H]E, binding, DNA
synthesis, and mitotic index in normal and regenerat-
ing livers at different days posthepatectomy. A. Two-
hundred microliter aliquots of cytosol (5 mg/ml) pre-
cipitated with protamine sulfate were incubated with
1.5 nM E, for 18 h at 0°C in the presence and absence of
100-fold unlabeled E,. Each point is the mean = SEM
of six experiments. B. Two-hundred microliter aliquots
of nuclear suspension were incubated at 30°C for 60
min with 10 nM of [®*H]E, in the presence and absence
of 100-fold excess concentration of unlabeled DES
(exchange assay). Each point is the mean + SEM of 5
animals; each assay is performed in triplicate. C. De-
oxyribonucleic acid synthesis was determined as de-
scribed in Materials and Methods for 1 mg of DNA at
different times after partial hepatectomy. D. Mitotic
index as an expression of the number of hepatocytes in
metaphase for 1000 cells was determined as outlined
in Materials and Methods.

Figure 2 illustrates the changes in cellular distri-
bution of estrogen receptors, DNA synthesis, and
mitotic index as a function of time after partial
hepatectomy. Cytosolic estrogen receptor content at
3 h after surgery (Figure 2A) does not differ from
normal values (29.7 + 6.1 fmol of E,/mg protein).
However, cytosolic receptor content is significantly
decreased at 12, 24, and 48 h. At 72 h and thereafter,
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receptor levels return to normal. A parallel increase
in nuclear receptor content is evident in Figure 2B
and most likely represents a translocation of cyto-
solic receptor to the nucleus as a sequela of resec-
tion.

In order to establish that the binding of the labeled
estrogen observed in these studies was specific, the
ability of various unlabeled steroids to compete with
[®H]E; binding in cytosol of normal and regenerating
liver was determined. The data shown in Figure 3
demonstrate that the binding is specific for only the
estrogenic substances. Further, [*H]E, binding is not
inhibited by testosterone, DHT, cortisone, and pro-
gesterone in either kind of cytosol. The nuclear
estrogen receptors are similarly highly specific for
estrogenic substances (data not shown).

Discussion

Recent research by our group and others has
shown a low level of estrogen receptor in the cytosol
of an hepatic neoplastic tissue, Morris hepatoma
7777 (21), and a reduction of receptor content in
cytosol of hepatic adenoma obtained from patients
(20) and the animal model (19) at the time of opera-
tion or death as compared with that of normal liver.

These observations suggest that a decrease of cyto-
solic estrogen receptors is associated with hepato-
cyte division. To define the behavior of estrogen
receptors during hepatocyte division, the cytosolic
and nuclear binding of these hormones was studied
at different times during rat liver regeneration, a
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Figure 3. Specificity of binding to cytoselic proteins in normal
and regenerating male rat liver cytosol. Two-hundred
microliter aliquots of male rat liver cytosol were precip-
itated with protamine sulfate and were incubated with
1.5 nM [*HIE; in the presence and absence of 100-fold
excess of competing ligand for 18 h at 0°C. Each bar
represents the mean results of triplicate determinations
for each competing ligand. The solid bars represent
data obtained using normal liver; the hatched bars
represent data obtained using regenerating liver. Pro-
gesterone (PROG), testosterone (TEST), cortisone
(CORT).
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model in which the cellular division rate is compara-
ble with that observed in some rapidly growing
tumors. The results obtained demonstrate a decrease
in estrogen binding activity in hepatic cytosol asso-
ciated with an increase in nuclear estrogen binding.
Both effects are maximum at 48 h after partial
hepatectomy. Scatchard analysis of cytosolic estro-
gen binding data demonstrated a decrease in the
number of receptors, rather than an alteration in the
affinity of the receptors for the ligand used. At the
same time, a clear increase of total nuclear receptors
is demonstrated, which suggests an active transloca-
tion of the hormone receptor complex into the nucle-
us. These data may suggest that the decrease of
cytosolic receptor found by us and others (20,21) in
neoplastic tissues could be an expression of an
active nuclear translocation.

The hormonal receptor redistribution starts at the
same time as the stimulation of DNA synthesis and
reaches its maximum at 48 h, coinciding with the
high values of mitotic index. The relationship of this
phenomenon with hepatocyte division is also dem-
onstrated by the fact that a normal distribution of
receptors is found in the cytosol and the nucleus at
72 h after hepatectomy when few mitoses are found
in the liver. This active translocation of the estrogen
receptor complex into the nucleus also correlates
well with other markers of hepatic regeneration,
including several biochemical activities, such as
DNA polymerase, protein synthesis, and deoxythy-
midine kinase (30-32).

In relation to liver regeneration, the active nuclear
translocation of estrogen receptors with its metabolic
influences represents a further endocrine change in
addition to those that are known to occur (33,34).
Specifically, recent reports have documented an
increase in glucagon and a decrease in T3 and
insulin plasma levels after hepatic resection and
subsequent regeneration (35,36). Some of these hor-
monal changes have been correlated with changes in
binding of these same hormones to receptors on the
hepatocyte plasma membrane during regeneration.
A rapid, sustained decrease in glucagon binding and
a transitory increase in insulin binding to hepatic
plasma membranes has been demonstrated to occur
during regeneration (36,37). In addition, the level of
cytosolic glucocorticoid receptor in liver decreases
rapidly after resection and returns to normal levels
within 72 h (38).

From our data, we cannot claim, as is true for the
other hormonal events reported above, a cause and
effect relationship between the nuclear estrogen re-
ceptor levels and DNA synthesis. However, in light
of these data, we may speculate on the role of the
estrogen receptor in regeneration. The redistribution
of estrogen receptor to the nucleus is an early event
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in regeneration and, therefore, must be important,
possibly in stimulation of cell division or in induc-
tion of specific proteins necessary for this process, or
in both. Further, estrogen is a known inducer of the
hepatic synthesis of plasma transport proteins (39), a
function likely to be important during the regenera-
tive period. Clearly, more work needs to be done to
establish the links between the estrogen and other
hormone receptors, and the important and essential
molecular events that occur during hepatic regenera-
tion.
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