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ABSTRACT

Parenchyma! liver cells were isolated from human liver pieces of
surgical waste as well as from rat livers. DNA synthetic activity was
measured after different times in primary culture by | 'I l|f li>inidiiir incor

poration and autoradiography.
Labeling of control cultures of human hepatocytes at densities between

8,000 and 15,000 cells/cm2 was very low (0.4 to 1.3%). Human recom
binant epidermal growth factor increased labeling 2- to 4-fold (P< 0.01).
Treatment with known inducers of liver growth in rats, namely, cyproter-
one acetate, a-hexachlorocyclohexane, nafenopin, phÃ©nobarbital,and
rifampicin did not increase the number of labeled human liver cells.

In some of the experiments, a 24-h exposure to the chemicals of rat
or human hepatocytes was followed by a 24-h treatment with epidermal
growth factor (EGF). In rat hepatocytes, incorporation rates were signif
icantly increased. Cyproterone acetate and EGF acted in an additive
manner, a-he\achlorocyclohexane and EGF were clearly overadditive,
and phÃ©nobarbitalhad little effect. In human hepatocytes, little alteration
in labeling indices was found; in some cases labeling was, rather, found
to be lower than in cultures treated with EGF alone. These results show
that human hepatocytes cultured in vitro are sensitive to stimulation of
DNA synthesis by EGF; they differ from rat hepatocytes in their response
to some drugs which show liver growth-promoting activity in rodents.

INTRODUCTION

Numerous chemical compounds can produce tumors in ani
mals or humans, although they exhibit no detectable genotoxic
activity or potential. These compounds are believed to exert
their carcinogenic effect through mechanisms such as tumor
promotion (1, 2). As a common property, tumor promoters
seem to induce growth of their respective target organs. We
and others have studied these effects in detail in rat liver for
HCH' (3), NAF (4, 5), PB (6, 7), CFA (8), and sex hormones
(9-11). Although the role of induced organ growth for carci-
nogenesis/tumor promotion is not completely clear mechanis
tically, the high correlation between these properties has been
documented since 1974 (12) and suggests application for toxi-
cological testing and risk assessment. Therefore several labo
ratories have been studying liver cell proliferation in rats in vivo
(5, 9, 11-16) and in vitro (17-21) to predict tumor-promoting
potential of chemical agents.

With human hepatocytes, researchers can directly assess toxic
responses to foreign chemicals in a way not accessible in human
subjects. Because the drug-metabolizing capacity of cultured
human hepatocytes is retained well (22-24), the effects of
possible metabolites will also be detectable. Testing with human
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cells in culture would also circumvent interspecies extrapola
tions. In order to develop such a test system, we previously
have examined conditions in isolated rat hepatocytes which
would allow induction of DNA synthesis and mitosis by cypro-
terone acetate under serum-containing and serum-free cultures
(18, 25). In this study, we have asked whether or not epidermal
growth factor as a reference compound and HCH, CPA, NAF,
RIF, and PB as model compounds would induce the synthesis
in human hepatocyte primary cultures. The latter two com
pounds were reported to induce liver enlargement (26, 27) and
drug-metabolizing enzymes (28, 29) in humans and in human
hepatocyte cultures (30, 31).

MATERIALS AND METHODS
Materials. Williams' Medium E, collagenase type I (Worthington;

617 units/mg), and gentamycin were obtained from Biochrom (Berlin);
recombinant hEGF, from Progen (Heidelberg); insulin-zinc complex,
L-3,3',5'-triiodothyronine, and sodium heparin were purchased from

Serva (Heidelberg); glucagon, from Eli Lilly (GieÃŸen);ascorbic acid
and DMSO were from Merck (Darmstadt); PB, from FLUKA; [3H]

dThd (20 Ci/mmol) was purchased from New England Nuclear (Vi
enna); rifampicin was from Sigma (Munich); and hexachlorocyclohex
ane, from Celamerck. Ingelheim. Cyproterone acetate and DEX sulfate
were generous gifts from Schering AG (Berlin), and nafenopin was a
gift from Ciba-Geigy (Basel). A lOO-jim nylon mesh (Scrynel NY 100
HC), a donation from Heidland (GÃ¼tersloh),was used for cell sieving.

Media and Buffers. Preperfusion buffer A was a HEPES (1 mM)-
buffered salt solution as described in Ref. 22. Collagenase (0.025%)
was dissolved in Buffer A containing 20 m\i HEPES and 5 HIMcalcium.
Williams' Medium E was supplemented with 100 n\i dexamethasone,

0.4 n\t glucagon, 6 nM insulin, 10 n\i triiodothyronine, 150 mM
ascorbic acid, and 10 Mg/ml of gentamycin as reported (25). This
medium is designated here as WME2.

Processing of Liver Tissue and Isolation of Hepatocytes. Human liver
fragments (40 to 100 g) were obtained from patients with hepatic
tumors undergoing partial hepatectomy or as unmatched liver trans
plant material (see Table 1; Footnote 4). Tissue from the end of a lobe
was resected. Only tissue samples macroscopically free from metastasis
were used for cell isolations. A specimen was processed for histological
examination. The remainder was perfused according to the technique
of Strom et al. (22). Within 5 to 10 min after surgery, the liver sample
was freed of blood with ice-cold preperfusion buffer through the larger
vessels using a blunt 20-ml syringe and transported to the laboratory
(20 to 30 min). There one to 3 plastic catheters (1 to 4 mm in outer
diameter) were placed into those vessels which had proven to most
effectively clear the sample of blood. Catheters were fixed with histo-
acryl tissue glue (Braun-Melsungen).

Perfusion commenced with Buffer A at a flow rate of 60 ml/min for
20 min at 37Â°C.Collagenase perfusion was started with 100 ml of

collagenase buffer at 60 ml/min for 5 min under recirculation; then
with 100 ml of fresh solution at 30 ml/min for 8 min recirculating;
finally, nonrecirculating at 12 ml/min with 200 ml of fresh collagenase
buffer until liver tissue softening appeared to be sufficient. Thereafter
the liver was placed in a beaker with WME2 supplemented with
Fungizone (0.5 /jg/ml).

4 Material was provided by the medical faculty. First Surgical Department,

University of Vienna.
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The specimen was freed from undigested parts, and cells were re
leased by cutting the tissue with scissors and by shaking the cells into
the medium. Purification of parenchyma! cells was as described by 4
cycles of low-speed centrifugation (18). Viabilities and cell yield are
reported in Table 1.

Rat liver cells were prepared by collant-mise perfusion according to

Seglen (32) with modifications as described (25).
Culture and Treatments. Six-well clusters (Costar) were prepared with

collagen gel as described (18). Cells were seeded at a density of 30,000
viable cells/cm2 in 2 ml of WME2 plus 2% fetal calf serum and

Fungizone. After an attachment period of 4 h, the monolayers were
rinsed with WME2 and refed with 1.4 ml of the same medium.
Attachment efficiency was determined as fraction of total LDH of
attached cells to total LDH of the cell suspension at seeding (33). By
this measure, it was found that 75% to 85% of the vital cells attached
to the substratum. Final cell densities varied between 10,000 and
15,000/cm2.

Cells were incubated at 37Â°Cin an incubator with 5% COj in air at

98% relative humidity and left overnight to recover from the isolation
stress. Media were changed again after 20 h and every 24 h thereafter.
Mitogen treatment commenced 20 h after plating and was renewed
with every medium change.

Stock solutions (500x) of CPA, HCH, and NAF were prepared in
DMSO. Before treatment of the cultures, a 10-fold dilution in medium
was prepared. The final concentration of solvent in the cultures did not
exceed 0.2% DMSO. For PB a 50-fold concentrated stock solution was
prepared in saline solution and added directly to the culture medium.
Newly synthesized DNA was labeled with [3H]dThd (0.5 jiGi/ml, 100

pmol/ml).
Harvesting, processing for autoradiography, and staining were done

as described (18). Routinely 4 to 6 cultures were run in parallel per
control and per 10 n\t CPA treatment group and 3 cultures for the
other treatments. Lower figures, where indicated, were due to loss of
cultures by contamination or due to technical failures during the prep
aration of the slides for microscopy.

Besides parenchyma! cells the cultures contained a variable number
of nonparenchymal cells (5 to 15%). Nonparenchymal cells were distin
guished from parenchyma! cells by their much weaker cytoplasmic
staining with hematoxylin as described (18).

Determination of DNA Synthesis. A total of 500 to 2000 labeled
hepatocyte nuclei were counted per treatment as described (18). Lis
were calculated as percentages of labeled hepatocyte nuclei per total
number of hepatocyte nuclei counted.

Statistics. The mean Â±SD is given. Multiple comparisons were made
according to Dunnett's test (34). Pairwise testing was performed with
Student's / test.

RESULTS

Table 1 shows some of the characteristics of the liver donors
and of the cell isolates prepared in this study. Cases 1 to 4 had
an oncological history. Livers 1 and 3 contained distinct mÃ©tas
tases. Liver Samples 5 to 7 were from organ donors.

When DNA synthesis in the cultured human hepatocytes was
studied a strikingly low incidence of labeled cells was observed
(Fig. 1). Lis of control cultures appeared to be lower by a factor
of 5 to 10 than in rat hepatocytes of similar density (25). No

significant difference of Lis was found after solvent treatment
(DMSO). Fig. 1 also shows the results of a time course study
with continuous treatment of the cultures for 72 h. Cultures
were cumulatively labeled during 24-h intervals. EGF increased
Lis 1.5-fold during the first treatment interval (18 to 42 h).
Continued treatment significantly (P< 0.01) increased labeling
4-fold at 42 to 66 and 3.2-fold at 66 to 90 hours.

The moderate response of human hepatocytes to stimulation
by EGF was not followed by a clear-cut dose response (Table
2). In fact, EGF concentrations of 10 and 100 ng/ml (Liver 3)
and of 5 and 50 ng/ml (Liver 7, at both time points) appeared
to be similarly effective. The stimulatory effect of EGF was
confirmed principally with the other hepatocyte preparations.
Although there was considerable variation in the induction of
DNA synthesis by EGF between the individual cell preparations
(Fig. 2), the mean LI was statistically significantly increased (P
< 0.01) for the whole collective (n = 7; Table 3).

In contrast, compounds which have been shown to induce
DNA synthesis in rat hepatocyte primary culture, namely, PB
(19,20), CPA (25), and NAF ( 17) did not induce DNA synthesis
at either time interval in human hepatocytes under these culture
conditions (Fig. 1). Likewise, hepatocytes of the other 6 donors
did not show enhanced DNA synthesis in response to the drugs;
in some preparations, Lis even tended to decrease. a-HCH and
RIF, where tested, also had no stimulatory effect (Fig. 2; Table
3).

In an attempt to enhance the sensitivity of the test system,
we used a sequential treatment protocol in which drugs were
added during the first 24-h interval and EGF in the successive
24 h. Similar protocols have been shown with rat hepatocytes
to induce DNA synthesis more effectively than treatment by
the drug or by EGF alone (19, 20, 35). This was first checked
in a series of four experiments with rat hepatocytes. In a
representative experiment, shown in Fig. 3, DNA synthesis was
induced significantly (P < 0.01) by rat liver mitogens CPA,
HCH, and PB (open bars) when the compounds were added
alone. This is in accord with earlier autoradiographic findings
for CPA from our laboratory (25).

In parallel cultures hepatocytes were treated sequentially,
first for 24 h with solvent or drugs which was followed by EGF
(20 ng/ml) during the next 24-h interval. EGF alone, given for
a limited period of 42 to 66 h induced a 4.6-fold increase in
label incorporation above DMSO-treated cultures (Fig. 3, first
set of bars, hatched versus open). When EGF treatment was
preceded by 3 ^M CPA the effects appeared to be additive.
Combination of 10 MM HCH followed by EGF was clearly
overadditive. With both protocols (treatment with HCH alone
or HCH plus EGF), a 6-fold induction of DNA synthesis was
found as compared with the respective controls (DMSO or
DMSO plus EGF). With PB and EGF no additivity was seen.

When human hepatocyte cultures (Fig. 2b, Preparations 4,
5, 6, and hatched columns) were treated according to the
sequential protocol, the DMSO-EGF-sequence increased Lis

Table 1 Characteristics of liver cell donors and of liver cell preparations

DonorSex1

F
2 F
3 F
4 F
5 M
6 M
7 MAge

(yr)55

49
77
55
35
49
41DiagnosisMetastasis,

colorectal carcinoma
Primary gallbladder carcinoma
Metastasis, ovarian carcinoma
Primary gallbladder carcinoma
Epileptic (organ donor)
Subarachnoidal bleeding (organ donor)
Subarachnoidal bleeding (organ donor)Wt

of bi
opsy(g)34

100
28

134
207
132
92Yield(

10' cells)26

46
65

284
200
360
380Viability

(%)68

69
32
45
70
56
36
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donor #2

I

hEGF CO DMSO PB CFA NAF
n=233 123 66 33 45 33

Fig. 1. Time course of DNA synthesis in human hepatocytes on days 1 to 3 in
culture. Cells (Liver 2) were treated at 18 h after plating continuously with EGF
(10 ng/ml), DMSO (0.2%), PB (2 min), CFA (10 (iM), or NAF (30 ^M). or they
were left untreated (CO). |3H]dThd was added at 18 h until harvesting. Sampling
times were at 42 h (open bars), 66 h (diagonal hatching), and 90 h (fenica!
hatching). The numbers of individual cultures per treatment are given below the
bars. Stimulation above controls by EGF was statistically significant (P < 0.01)
at 66 and 90 h.

Table 2 Effect of EGF on induction of DNA synthesis in human hepatocytes

Labeling interval(h)Donor

hEGF(ng/ml)3

010301007

05205042-66LI

(%)0.83

Â±0.55(3)1.10
Â±0.25(2)1.40
Â±1.13(3)2.55
Â±0.92 (3)-fold

in
duction1.31.73.166-90LI(%)0.471.070.740.901.294.706.340.1

2Â°(3)*0.46
(3)c0.49
(6)rf0.36

(if0.87

(6)2.26
(6)2.06

(6)d5.43

2.35 (6)-fold

in
duction2.31.61.93.64.94.2

â€¢¿�Mean Â±SD.
* Numbers in parentheses, number of replicate cultures.
c Statistical significance against untreated (0 ng/ml) cultures: P < 0.01.
1/P<0.05.

above DMSO-treated controls 2.4-fold (1.5, 2.8-, and 5.3-fold
in the three preparations respectively). However, mitogen-EGF-
sequential treatments did not result in significant further in
creases of Lis above the level induced by DMSO-EGF (Fig. 2b\
Table 3).

Because CPA is a standard inducer of DNA synthesis in rat
hepatocyte cultures, we have tested in human hepatocytes
whether a lower (3 Â¿IM)or a higher (30 ÃŸM)concentration than
the standard 10 /Â¿MCPA could be effective. There was no better
response at either concentration, irrespective of whether it was
used in the standard or in the sequential protocol (Fig. 4).
However, 30 n\\ CPA significantly decreased the LI as com
pared with DMSO/EGF treatment. Inspection of the histolog-
ical specimens revealed a lowered cell density in these cultures.
This may be an indication of some cytotoxicity at 30 ^M CPA.

The striking difference in the responses of liver cells from
donors 5 and 6, the first showing an increasing trend in LI with
CPA-dose, and the latter a decreasing one, probably reflect
interindividual variations. However, more data will have to be
collected in order to be more certain about this point.

DISCUSSION

It is of interest to note that human hepatocytes did respond
to stimulation by EGF with a statistically significant increase
of DNA synthesis (Table 3), but that this response was lower
by approximately an order of magnitude as in rat hepatocytes

(as judged by the absolute figure of labeled cells; results not
shown for rat hepatocytes, see 18, 25). Reasons for this might
be that human liver cells are less responsive than rat hepatocytes
or that human liver is not a prime target organ for EGF. Both
hypotheses will have to be tested in future experiments. It can
be excluded that the growth factor material itself was not
appropriate, since human recombinant EGF was used, which
by the way was as effective in rat liver cells as EGF from mouse
submandibular glands.

Recently Chan et al. (27) reported on the induction of DNA
synthesis by EGF in primary cultures of human hepatocytes.
They used a culture method with 2% DMSO in the medium in
the presence of 20 ng of EGF/ml. Only after the medium was
changed to DMSO-free conditions did they observe an increase
in DNA synthesis. This increase (3-fold) was to a similar extent
as in the present study. In the paper by Chan it was also reported
that a high concentration of 0.1 mM norepinephrine enhanced
the response of human hepatocytes to EGF. This again shows
that human hepatocytes may respond similarly as rat hepato
cytes. It cannot be ruled out, however, that this response as well
as its modulation might be limited to induction of DNA syn
thesis by EGF or related growth factors.

We have shown previously that CPA is a potent stimulator
of DNA synthesis in rat hepatocyte primary culture (25). In the
present study we have adopted identical conditions for human
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Fig. 2. Effects of compounds on DNA synthesis in liver cell preparations from
different human donors. Hepatocytes were cultured as outlined in Fig. 1. a.
standard protocol (open columns). Twenty h after plating, cultures were treated
continuously with DMSO (0.2%). PB (2 mM), CPA (10 MM),NAF (30 /IM), HCH
(10 MM),or RIF (30 MM).hEGF (Livers 2 and 3; 10 ng/ml; Livers 1 and 7, 20
ng/ml) was added at 42 h. ['HjdThd was added during the 24-h interval preceding

sampling time at 66 h. DNA synthesis was induced by EGF above controls at the
following statistically significant levels in Livers 2, 5, 6, and 7 (P < 0.01); Liver
3 (P < 0.05). ft, standard protocol (open columns) and sequential treatment
protocol (hatched columns). Drugs were added at the concentrations indicated for
h. but treatment was discontinued at 42 h and hEGF was added at 20 ng/ml for
the next 24 h. |'H]dThd was added for the subsequent 24-h Â¡menai(66 to 90 h).

Where bars are missing, the respective compound was not tested for DNA
synthesis induction with this cell preparation.
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Table 3 Summary and statistical significance (Dunnett's test) for experiments with human hepatocytes

Standard protocol Sequential protocol

TreatmentDMSO

CPA
HCHNAF

RIF
PB
hEGFConcentration0.2%

IO JM
10Â«IM30
MM30

MM
1 HIM

20 ng/mlMean

Â±SD"0.74

Â±0.33
0.88 Â±0.72
0.42 Â±0.49
0.34 Â±0.35
0.18 Â±0.18
0.45 Â±0.51
2.60 Â±1.93n"1

1
4
5
5
6
1SignificanceNSC

NS
NS
NS
NS

/><0.01Mean

Â±SD1.78

Â±0.97
2.29 Â±0.38
1.18 Â±0.94
1.20 Â±0.57
0.94 Â±1.17
1.52Â± 1.23n3

3
3
3
3
3SignificanceNS

NS
NS
NS
NS

" Mean Â±SD calculated from the individual experimental means shown in Fig. 2.
* Number of individual preparations in which the effect of the respective compound has been tested.
' NS, not significant.

30-

DMSO 3 //M CPA 10 //M HCH 1 mM PB

Fig. 3. Induction of DNA synthesis in rat hepatocytes. Standard protocol Ã‡3).
Twenty h after plating, cultures were treated continuously with DMSO (0.2%),
CPA ( 10 MM),HCH ( 10 MM),or PB ( 1 mM). [3H]dThd incorporation was measured

from 66 to 68 h by determination of specific activity of DNA. Sequential treatment
protocol (hatched columns). Drugs were added at the concentrations indicated
above, but treatment was discontinued after a duration of 24 h, and 20 ng of
hEGF/ml were added for the 42- to 66-h interval. [3H]dThd incorporation was
measured from 66 to 68 h. Columns, mean from six parallel cultures; har\. SD.
Statistical significant stimulation (P < 0.01) by EOF, CPA, HCH, and PB above
controls (DMSO); and by CPA/EGF, HCH/EGF over DMSO/EGF; and at P <
0.05 by PB/EGF over DMSO/EGF. Significant interaction for HCH/EGF and
PB/EGF (P < 0.01) but not for CPA/EGF (P > 0.05) was found by two-way
analysis of variance.

3 Â«M CPA 10 Ã•/M CPA 30 IM CPA

Fig. 4. Effect of CPA with or without EGF on DNA synthesis in two liver cell
preparations from humans. Conditions were as in Fig. 1. Standard protocol (D)
and sequential treatment protocol (G) as described in Fig. 2. No statistical
significance except: top, decrease by 30 MMCPA versus DMSO; bottom, decrease
by 30 MMCPA/EGF versus DMSO/EGF.

liver cells. In some of the cell isolates small, statistically signif
icant increases Â¡nDNA synthesizing cells were observed, in
others, a decrease or no response was found.

Apart from the well-documented rat liver growth stimulus
CPA (8), we have also applied the hepatomitogens HCH, NAF,
and PB and the antibiotic RIF, PB and RIF were chosen because
they were reported to cause liver enlargement in human subjects
(26, 27), although these findings were not confirmed in other
studies (37-39). Furthermore it is not clear what type of growth,
if any, might be involved in humans in vivo. Liver enlargement
measured by ultrasonography in the above-mentioned studies
could be due merely to hypertrophy without a component of
hyperplasia (i.e., DNA synthesis and cell multiplication). The
present failure to induce DNA synthesis in human hepatocytes
may suggest that these cells are less capable than rodent liver
cells to proliferate in response to mitogenic drugs. Obviously,
however, this hypothesis needs to be confirmed by studies with
more donors; also, techniques to isolate and culture human
hepatocytes may deserve refinement. For example, it remains
to be seen, whether norepinephrine, as cited above (36) for its
interaction with EGF, will also alter the response of rat or
human hepatocytes to rat liver tumor promoters.

One could argue that a more prolonged treatment might be
required in order to increase DNA synthesis of human hepa
tocytes. However, (a) induction of liver growth and of drug-
metabolizing enzymes is generally observed concurrently in
mammalian liver (12), and (b) induction of cytochrome P-450
isoenzymes has been observed after short-term treatment in
human hepatocyte cultures by RIF and PB (30); and by 3-
methylcholanthrene and PB (31,40). This indicates that human
hepatocytes in vitro can be induced to respond with adaptive
reactions after short-term treatment. They are also responsive
to stimulation of DNA synthesis by EGF within 24 h. Therefore
it appears that the culture conditions currently employed render
human hepatocytes more sensitive to enzyme induction than to
induction of DNA synthesis by xenobiotics.

We conclude that human hepatocytes (a) can be stimulated
in vitro by EGF to enter DNA synthesis; (Â¿>)appear nonrespon
sive to stimulation by CPA, PB, and NAF or combinations of
HCH/EGF, CPA/EGF, PB/EGF. This clearly contrasts from
findings with rat hepatocytes in culture (17, 19, 20, 25, 35).
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