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INTRODUCTION 

A variety of hormones and other growth factors have been shown 
to affect hepatocyte proliferation both in vivo and in vitro. We 
have attempted to identify and purify hepatic mitogens by inve
stigating the requirements for DNA synthesis of hepatocytes in 
primary culture. 

Epidermal growth factor appears to play an important role in 
the regulation of hepatocyte proliferation in primary culture. In 
the last few years there have been several reports on replicative 
DNA synthesis of hepatocytes in primary culture (8,l3,lS,19,22, 
25,29). These reports agree that newly isolated hepatocytes can 
be maintained for several days in serum-supplemented or serum
free medium and can be induced to synthesize DNA if certain hor
mones or other growth factors are provided (3,5,7-10,13,16,20, 
21,23,29,31). In general, EGF seems to be an essential hormone 
for replicative DNA synthesis in primary cultures of hepatocytes 
(11). Other hormones and/or growth factors have been shown to en
hance or reduce the EGF effect (3,12-15,17,26,31,32). 

The sex of the animals from which hepatocytes have been iso
lated has received little attention or has not been specifically 
addressed. It is well known that there are differences in liver 
function between male and female rats (2,5,6,24,28). In addition 
there is some recent evidence suggesting that sex hormones may 
playa modulator role in liver regeneration (9,10). 

By testing the effects of estrogen on EGF-induced DNA syn
thesis of hepatocytes in primary culture we have found evidence 
that estrogen modifies the EGF effect. 
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MATERIALS AND METHODS 

Male and female Fischer (F344) rats were obtained from Hilltop 
Lab Animals, Inc., Scottdale, PA. The animals were kept in a tem
perature and a light controlled room and received food and water 
ad libitum. Partial hepatectomy and sham hepatectomy were per
formed according to Higgins and Anderson (14) and all operations 
were performed between 7:30 and 9:00 a.m. The source of hormones 
and chemicals, the isolation of hepatocytes and the determination 
of (3H)thymidine incorporation ~n vitro have been described (11). 

For in vivo DNA synthesis male or female rats had 70% of their ---
livers removed between 7:00 and 9:00 a.m. One hour before the in-
dicated times, the animals were injected with 10 pCi (3H)thy
midine intraperitoneally. Animals were killed by cervical dis
location, the livers rapidly removed and frozen. Citric acid nu
clei were prepared for (3H)thymidine incorporation (4). 

For EGF binding studies, cells were incubated for 3 hours in 
attachment medium and for an additional 24 hours in basal MEM 
plus insulin. The washing with binding medium and a I-hour incu
bation at 4° in the presence of 0.125 to 16 nmol 125I-EGF was as 
previously described (12). Binding equilibrium is fully esta
blished at 45 min. Subsequent washing, extraction of bound 1251_ 
EGF and determination of radioactivity were as described (12). 
This treatment removes over 90% of the cell bound radioactivity, 
and it does not remove the iodine from the EGF (12). DNA deter
mination on selected dishes from each hepatocyte preparation 
indicated no loss of cells by this treatment. Nonspecific binding 
was determined by measuring 125I-EGF binding in the presence of 
excess unlabeled EGF (1 pg/ml) and was approximately 1% of the 
tocal binding. Protein was determined by the method of Lowry et 
al. (18). Equilibrium dissociation constants (Kds) and the con
centration of binding sites were calculated by the method of 
Scat chard (27). The unpaired Student's t-test was used for sta
tistical analysis of the data. 

RESULTS 

We first became aware that sex-related steroid hormones might 
be important for proliferation of ltepatocytes when we compared 
hepatocytes from male and female rats in primary culture. Cell 
viability varied between 90% and 98% and was not sex relat~d. 
Protein and DNA content were measured in cultures maintain~d in 
MEM at 48 hours after seeding. There was no significant diffe
rence between cultures of male and female hepatocytes. Further-
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more, cell cultures derived from both male and female animals 
consisted almost exclusively of hepatocytes as 98% of the cells 
stained for glucose-6-phosphatase (30) after 72 hours in culture. 

The ability of the hepatocytes isolated from female rats to 
synthesize DNA in monolayer cultures, however, was very much re
duced from that of similar cultures of male hepatocytes as shown 
in Table 1. With MEM alone or MEM plus insulin there was no dif
ference in DNA synthesis, but when EGF was added to the culture 
medium the difference was pronounced. 

TABLE 1. Incorporation of [3H)thymidine into primary cultures 
of hepatocytes isolated from male and female rats 

Medium 
additions Male Female 

[3H) thymidine incorporation (cpm/>Jg DNA)a 

0 1630 ± 210b 1593 ± 116 
Insulin 1555 ± 96 1673 ± 231 
EGF 12556 ± 940 5617 ± 458 
Insulin + EGF 19231 ± 1270 6195 ± 762 

aCultures were frocessed after 72 hours in culture for 
incorporation of [ H)thymidine which had been added 24 hours 
ear~ier. 

Numbers are average for 9 determinations ± S.D. 

TABLE 2. Incorporation of [3H)thymidine into primary cultures 
of hepatocytes isolated from male and female rats 

24 hours after 70% hepatectomy 

Medium 
additions Male Female 

[3H)thymidine incorporation (cpm/>Jg DNA)a 

0 4610 ± 398b 1672 ± 210 
Insulin 5047 ± 617 1586 ± 136 
EGF 27150 ± 3400 11419 ± 938 
Insulin + EGF 36625 ± 2750 13618 ± 1220 

aA d' , for Table 1. b ssay con 1t10ns were as 
Numbers are averages of 6 determinations ± S.D. 

Slightly different results were obtained when DNA synthesis 
was compared in vitro in hepatocytes isolated from male or female 
rats 24 hour;-after partial hepatectomy as shown in Table 2. In 
male hepatocytes from regenerating liver, regardless of incuba-

ii: 
,1; 
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tion medium, DNA synthesis was increased 2-3 fold over that obse
rved in hepatocytes from normal liver. In females there was also 
a 2-fold increase of DNA synthesis when hepatocytes from regene
rating liver were incubated in the presence of EGF. In the absen
ce of EGF, however, there was no increase. This resulted in the 
interesting finding that hepatocytes, isolated from male or fema
le regenerating liver, responded to EGF with an equivalent fold 
increase, but not with the same magnitude as opposed to hepatocy
tes, isolated from non-hepatectomized rats, in which those isola
ted from males respond to EGF much better than those isolated 
from females. We have shown previously by autoradiography that 
(3H)thymidine incorporation represents replicative DNA synthesis 
(11) • 

The possibility was considered that the lack of significant 
stimulation of DNA synthesis by EGF in hepatocytes isolated from 
female rats might be due to differences in the regenerative re
sponse between male and female rats in vivo. This does not seem 
to be the case as seen from the results in Table 3. On the con
trary, the numbers obtained with female rats were more consistent 
and at least of the same if not higher magnitude. In addition, 
the labeling index determined at 28 hours after partial hep
atectomy was the same, with 33.2% and 34.4% labeled cells in male 
and female rats, respectively. 

Since the more dramatic differences in DNA synthesis between 
male and female hepatocytes were seen in the presence of EGF, we 
studied EGF binding to male and female hepatocytes in primary 
cultures. 

The binding curve and Scatchard analysis 
Figure 1. Female hepatocytes bound more EGF 
tes, BMax 9.1 x la-10M vs.BMax 2.8 x la-10M. 

are shown in the 
than male hepatocy-

However, female hepatocytes exhibited significantly lower af
finity for EGF (Kd 3.17 x la-8M) than did male hepatocytes (Kd 5 
x 1O-9M). 

EGF binding studies were also done on male and female he
patocytes isolated 24 hours after 70% hepatectomy. The Scatchard 
analysis is shown in Figure 2. In both cases only very low af
finity binding is evident, Kd=1.37 x 10-7M for male hepatocytes, 
and Kd=1.05 x 10-7M for female hepatocytes. We than considered 
the possibility that estrogen might influence the mitogenic 
effect of EGF. The results in Figure 3 indicate that this is 
indeed the case. When estrogen at physiological concentrations 
was added to male hepatocytes during EGF binding studies, EGF 
binding to these male hepatocytes was similar to that found for 
female hepatocytes, as shown in Figure 1. 
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TABLE 3. DNA synthesis in livers of male and female rats at 
different times after partial hepatectomy 

Time after 
70% hepatectomy 

20 hours 
24 hours 
28 hours 

4760 
24400 

6990 

Male Female 

[3H]thymidine incorporationa 
(cpm/mg DNA) 

:!: 670b 9890 ± 840 
± 5720 27520 ± 2300 
:!: 1250 5850 :!: 310 

aAnimals were injected with [3H]thymidine one hour before 
thebindicated times. 

The numbers are from 6 animals ± S.D. 
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FIG. 1. EGF Binding: Scatchard analysis obtained from male 
and female hepatocytes. Culture and binding conditions are 
reported in "Materials and Methods." • e-e, male 
hepatocytes: 1\-6., female hepatocytes. 
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FIG. 2. EGF Binding: Scat chard analysis obtained from male6-~ 
and female. -. hepatocytes prepared 24 hours after 70% 
hepatectomy. . 
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FIG. 3. EGF Binding: Scatchard analysis obtained from male 
hepatocytes incubated for one hour without .-., and with 0-0 
10 pg/ml of estradiol. 
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this might be that (3H)thymidine incorporation is measured over a 
24-hour period, present in culture between 24-48 hours, with est
rogen and EGF present from the time of plating. During the bin
ding studies both estrogen and EGF are present for only 1 hour. 
It is unlikely that the inhibition of (3H)thymidine incorpora
tion by estrogen is a non-specific effect associated with larger 
than physiological levels of steroids. The additions of testoste
rone, up to 10 times the estrogen levels had no effect on (3H) 
thymidine incorporation. 

The important aspect is that the addition of estrogen can 
change the EGF binding potential of male hepatocytes to that of 
female hepatocytes and that the addition of estrogen to male he
patocytes alters the magnitude of the EGF-induced (3H)thymidine 
incorporation, approaching that of female hepatocytes. 

TABLE 4. Estrogen inhibition of EGF-induced DNA synthesis 
in hepatocytes 

Addition of 
estrogen 
(~g/ml) 

0 
5 

10 
20 

Male 

Source of hepatocytes 

Female 

r3H]thymidine incorporationa 

cpm/l05 % inhibition cpm/l05 % inhibition 
cells cells 

8702 :± 1260b 0 5059 :± 402 0 
5838 :± 812 23 3116 :± 610 38 
4013 :± 220 54 1987 ± 96 61 
3096 :± 160 64 1497 ± 187 70 

aCells d [3] were expose to H thymidine from 3-27 hours after 
plating. Indicated amounts of estrogen were present during 
thig time. 

The values shown are the averages of 6 determinations :± 
S.D. 

DISCUSSION 

Despite no apparent differences in the magnitude or onset of 
hepatic DNA synthesis in vivo in male and female rats following 
partial hepatectomy, EGF-stimulated DNA synthesis is dramatically 
different in male and female hepatocytes in primary culture. 
Female hepatocytes are indistinguishable from male hepatocytes 
with respect to morphological appearance, DNA content, protein 
content and C3H)thymidine incorporation in the absence of EGF. 
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Female hepatocytes, on the other hand, respond to a much le
sser extent than male hepatocytes, with increased DNA synthesis 
to the presence of EGF. 

The results obtained with EGF binding studies provide a possi
ble explanation for these findings. Binding studies performed u
sing intact hepatocytes after 2 or 24 hours in primary culture 
indicated that hepatocytes derived from male animals had more 
high affinity EGF binding sites than hepatocytes derived from 
female rats. Female hepatocytes in culture show only EGF binding 
of very low affinity. More importantly, the data in Figure 3, u
sing male hepatocytes in the presence of estrogen at physiolo
gical dosage, show EGF receptor behavior which is similar to that 
observed with female hepatocytes in the absence of hormones, and 
the data in Table 4 indicate that estrogen inhibits EGF-induced 
DNA synthesis in male hepatocytes. Male and female hepatocytes 
isolated 24 hours after partial hepatectomy did not exhibit the 
difference in EGF binding. As shown in Figure 2, with both cell 
preparations there was only low EGF binding affinity. Fur
thermore, in regenerating hepatocytes EGF induced the same degree 
of DNA synthesis in male and female hepatocytes. It appears from 
these data that the difference found between male and female 
hepatocytes isolated from normal liver depends only on the dif
ferent levels of EGF receptors with high affinity. In fact, when 
EGF is added to hepatocytes which have the same EGF receptor 
state (regenerating hepatocytes) the percent of activation is the 
same. 

In liver regeneration after hepatectomy there is no sex
related difference in vivo. Since EGF binding is different in 
male and female newly isolated hepatocytes, and also in membrane 
preparations (1,7), factors other than EGF seem to be responsible 
for in vivo regeneration. ---

One possibility is that the observed decrease in binding of 
EGF to female hepatocytes is due to the blocking of the receptor 
by estrogen, either through a direct competition for the rece
ptor, or to an indirect mechanism. This interpretation would also 
make sense in view of the binding studies of EGF to male he
patocytes in the presence of estrogen. The addition of EGF to 
normal male hepatocytes brings about internalization of EGF
receptor complexes and thus down-regulation. Internalization and 
down-regulation does not occur to the same extent in female he
patocytes and in male hepatocytes if estrogen is added, because 
the EGF receptors are not accessible to EGF binding. 

This hypothesis can also be applied to our findings in vivo 
following partial hepatectomy. If we suppose that partial hepa-
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tectomy induces an internalization of EGF receptors by a me
chanism not mediated by an EGF receptor complex formation but 
independent of EGF altogether, a similar down-regulation would 
occur in male and female rat liver following partial hepatectomy. 
Even though in the female rat the EGF receptors would be to a 
great extent blocked by estrogen, this might not prevent the in
ternalization, since in this proposed model it would not be de
pendent on a ligand receptor interaction. 

Another explanation is the possible existence of a mechanism 
activated after the hepatectomy which is able to change the EGF 
receptor state so that in male and female hepatocytes, the same 
receptor patterns are approached. 
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