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Summary 

Growth hormone has been established as a primary regulator of IGF-I gene expression in adults, not 
only in liver but also in many extrahepatic tissues. We considered the possibility that IGF-I production by 
adult rat liver could also be stimulated by epidermal growth factor (EGF), a peptide known to be 
involved in liver regeneration. Chromatographic analysis performed after acid treatment of conditioned 
media revealed the presence of both immunoreactive (IR) IGF-I and IGF binding protein OGFBP). Both 
IR IGF-I and IGFBP were present in the conditioned medium of adult rat hepatocytes in basal 
conditions. The stimulation of IGF-I and IGFBP secretion by EGF appears to be dose-dependent with a 
significant increment already evident at 5 nM. That EGF stimulates secretion is supported by the finding 
that IGF-I and IGFBP-1 mRNA levels are increased after EGF supplementation. We conclude that 
adult rat hepatocytes spontaneously produce IGF-I and IGFBP, and that EGF is able to increase their 
synthesis and secretion. This non-growth hormone-dependent regulation of IGF-I and IGFBP-1 produc- 
tion by adult rat hepatocytes in culture indicates an important autocrine/paracrine role for IGF-I, 
particularly during liver regeneration after extensive organ mass loss. 

Introduction 

Although growth hormone has been estab- 
lished as a primary regulator of IGF-I gene ex- 
pression in adults, not only in liver but also in 
many extrahepatic tissues (Mathews et al., 1986; 
Roberts et al., 1986, 1987; Hynes et al., 19871, 
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other growth factors, i.e. epidermal growth factor 
(EGF), fibroblast growth factor (FGF), and 
platelet-derived growth factor (PDGF) have been 
found to stimulate IGF-I production by several 
cells (Clemmons et al., 1981; Clemmons, 1984, 
1985). Production of both IGF and IGF binding 
proteins OGFBP) by liver has been reported by 
many authors (Moses et al., 1979; Schalch et al., 
1979; Spencer, 1979; Binoux et al., 1982; Minuto 
et al., 1984; Scott et al., 1985). Recently, growth 
hormone (GH) and insulin have been shown to 



stimulate accumulation of IGF-I mRNA tran- 
scripts {Scott et al., 1985; Norstedt and Moeller, 
1987; Johnson et al., 1989) as well as IGF-I 
secretion in culture medium of adult rat hepato- 
cytes. Three structurally distinct but homologous 
IGFBP have now been characterized in terms of 
nucleotide sequence and molecular structure 
(Martin and Baxter, 1986; Mottola et al., 1986; 
Brinkman et al., 1988; Lee et al., 1988; Wood et 
al., 1988; Luthman et al., 1989). Two of these are 
non-glycosylated forms JIGFBP- 1 and IGFBP-2). 
IGFBP-1 levels are inversely related to insulin 
and GH concentration (Drop et al., 1984; Povoa 
et al., 1984; Suikkari et al., 1988, 1989; Hardouin 
et al., 19891, whereas a glycosylated form 
(IGFBP-3) is GH-dependent (Moses et al., 1976; 
Furlanetto, 19801. 

Although EGF has been widely used to stimu- 
Late DNA synthesis in cultured hepatocytes, its 
role in normal and regenerating liver is not very 
clear. It has been established that hepatocytes 
actively sequester injected EFG by means of a 
large number of receptors for this growth factor 
(Michalopoulos, 19901, and that regenerating 
hepatocytes actively produce transforming growth 
factor-a (TGF-(w) (Mead and Fausto, 19891, a 
polypeptide known to act through the EGF re- 
ceptor. In these conditions, the number of EGF 
receptors and the EGF-dependent tyrosine ki- 
nase activity are reduced by down-regulation 
(Rubin et al., 1982; Raper et al., 19871, thus 
supporting a role for EGF in initiating Iiver re- 
generation (Earp and O’Keefe, 1981). 

As human fibroblasts and fetal rat hepatocytes 
are responsive to the stimulatory effect of EGF 
on IGF production (Clemmons, 1984; Richman et 
al., 19851, we wanted to ascertain whether adult 
rat hepatocytes are still responsive to this stimu- 
latory effect, and whether any of the powerful 
mitogenic action of EGF on liver could be medi- 
ated by IGF-I. 

Materials and methods 

Hepatocytes were isolated from male Wistar 
rats (180-200 g) as previously described (Fugassa 
et al., 1983) and resuspended at a concentration 
of 2 X lo5 cells/ml in serum-free Dulbecco’s 

modified Eagle’s medium (DMEM) supple- 
mented with essential and non-essential amino 
acids of Eagle’s medium (DMEM), insulin (0.1 
U/ml> and dexamethasone (lo-’ M); 3 ml of cell 
suspension were plated on 60 mm collagenated 
tissue dishes and, after 90 min, DMEM contain- 
ing 0.25% bovine serum albumin (BSA) was re- 
placed for the incubation medium. After 24 h of 
culture, monolayers were exposed to EGF 
fEGF-treated) or vehicle alone (control). 

Separation of cell-derived EF-l-like immunareac- 
ti&y from IGF binding proteins 

The conditioned media of hepatocytes (20 ml; 
2 x 10’ cells/ml) were acidified with 0.5 M acetic 
acid-O.15 M NaCl (pH of the mixture was < 3), 
and gel-filtered on a Sephadex G-50 column (1.6 
x 90 cm> equilibrated with 0.1 M acetic acid-O.15 
M NaCl, pH 2.75. Fractions corresponding to 
0-0.20,0.21-0.40,0.41-0.70 and 0.71- 1 K,, were 
pooled, Iyophilized, reconstituted in phosphate- 
buffered saline and analyzed for IGF-I im- 
munoreactivity and IGF-I specific binding activ- 
ity. 

IGF-1 radioimmunoassay and IGF binding protein 
assay 

IGF-I was measured by radioimmunoassay us- 
ing antibodies and [‘251]IGF-I provided by the 
Nichols Institute (San Juan Capistrano, CA, 
USA); the standard curve was performed by re- 
combinant Met-IGF-I. The sensitivity of the assay 
is 90 pg/mI and the between-assay coefficient of 
variation is 7.5%. 

Specific binding of IGF-I was measured by 
overnight incubation at 4°C of 0.1 ml samples 
with about 20,000 cpm of [‘251]Thrs9-IGF-I 
(Amersham, UK), in 0.05 M Na phospate buffer, 
pH 7.4, containing 2.5 g/l BSA in a final volume 
of 0.5 ml. Protein-bound IGF-I was separated by 
addition of 0.5 ml of a 20 g/l charcoal suspension 
in assay buffer containing 20 g/l BSA, and cen- 
trifugation at 3000 X g for 20 min in a refriger- 
ated centrifuge. Specific binding was determined 
in each sampIe as the difference between the 
radioactivity bound both in the absence and in 
presence of a saturating amount of partially puri- 
fied IGF-I. 
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/3H]Thymidine and [3H]leucine incorporation 
studies 

Hepatocytes, cultured in DMEM containing 
0.25% BSA (control) or test substances (EGF, 
IGF-I), were labeled with [‘Hlthymidine (5 
pCi/ml, New England Nuclear, Dreieich, Ger- 
many). Incubations were carried out at 37°C for 2 
h, and measurement of DNA synthesis was done 
according to McGowan et al. (1981). 

Hepatocytes cultured as above were labeled 
for 1 h with 2 &/ml [“Hlleucine (40 Ci/mmol, 
New England Nuclear). 

The incorporation of the labeled precursors 
into acid-insoluble material was evaluated as pre- 
viously described (Gallo et al., 1987). Results are 
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expressed as percent of the incorporation 
(dpm/pg of DNA for [3Hlthymidine or dpm/mg 
of protein for [3H]leucine) recorded in the ab- 
sence of test substances. 

RNA isolation and Northen blot analysis 
At indicated times, cells were rapidly frozen in 

liquid nitrogen and total RNA was prepared us- 
ing the guanidinium isothiocyanate/cesium chlo- 
ride method (Chirgwin et al., 1979). The integrity 
of each RNA sample was verified by gel elec- 
trophoresis and the quantity determined spec- 
trophotometrically. Samples were stored at 
-80°C until used. 

Total RNA (20 pg) was fractionated in a 1% 

25% 

I 

B 

F 
u 
E 20% 

P 

Kav 

30 30% 
I 

C 25 - 25% D 

‘; E 
” 20- z 20% 

z 

” 
E 

: 

15% 

0 ‘O- 
2 

7 
10% 

5% 

O 0.2 0.4 0.6 0.6 
0% 1 I I I I- 

, Kav 0 0.2 0.4 0.6 0.6 1 Kav 

Fig. 1. Sephadex G-50 elution profiles of immunoreactive IGF-I and IGF-I binding capacity in conditioned media of adult rat 

hepatocytes. Cells were cultured for 24 h in serum-free medium containing 0.25% BSA and for an additional 48 h in medium 

without (panels A and B) or with (panels E and D) 10 nM of EGF. The conditioned media were acidified and gel-filtered on a 

Sephadex G-50 column equilibrated with 0.1 M acetic acid-O.15 M NaCl. Fractions corresponding to o-0.20, 0.21-0.40, 0.41-0.70 

and 0.71-l K,, were pooled, lyophilized, and reconstituted in phosphate-buffered saline for IGF-I and IGF-I-specific binding 

capacity analysis. 
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agarose gel containing 2.2 M formaldehyde in 20 
mM Mops, pH 7.0, 5 mM sodium acetate and 1 
mM Na,EDTA. After transfer to nylon mem- 
brane by capillary blotting, prehybridization was 
performed for 2 h at 42°C in a solution containing 
5 X SSPE (1 X SSPE = 0.15 M NaCl, 0.01 M 
NaH,PO,, 1 mM EDTA), 50% formamide, 5 x 

Denhardt’s solution, 0.5% sodium dodecyl sulfate 
(SDS) and 100 g/ml denaturated salmon sperm 
DNA (Sambrook et al., 1989). Hybridization was 
carried out for 20 h at 42°C in fresh buffer 
containing 32P-labeled probes (rat IGF-I cDNA 
probe; human IGFBP-1, IGFBP-2 and IGFBP-3). 
Probes were labeled to high specific activity by 
Multiprime DNA labeling systems (Amersham, 
UK) using [32P]dCTP (specific activity > 3000 
Ci/mmol, NEN, Germany). After hybridization 
the filters were washed for 10 min twice in 2 x 

SSPE and 0.1% SDS and twice in 0.1 X SSPE and 
0.1% SDS at 42°C. Filters were then exposed to 
Amersham Hyperfilm-MP films at -80°C using 
intensi~ing screens. Autoradiograms were scan- 
ned using a Hoefer GS-300 densitometer con- 
trolled by an IBM AT personal computer. Equiv- 
alent amounts of RNA/lane were assessed by 
monitoring 28 S and 18 S rRNA in ethidium 
bromide stained parallel gels. 

Results 

Distribution of immunoreactice IGF-I and IGF 
binding activity in conditioned media 

Chromatographic analysis performed after acid 
treatment of conditioned media revealed the 
presence of two peaks of IGF-I-like immunoreac- 
tivity (Fig. 1). The first peak was located close to 
the void volume (K,, O-0.20), corresponding to a 
higher molecular weight than that of IGF pep- 
tides. The second peak corresponded to the elu- 
tion volume (K,, 0.41-0.70) of IGF-I. The first 
peak also showed specific IGF binding activity, 
which suggests that the immunoreactivity found 
in the high molecular weight region is due at least 
in part to the interference in the radioimmunoas- 
say (RIA) by the free binding sites. 

Effect of EGF on IGF-I and ~GFBP production by 
adult rat hepatocytes 

The increase in hepatocyte-derived IGF-I, af- 
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Fig. 2. Effect of EGF on IGF-I accumulated in the culture 
medium as a function of time in culture. Adult rat hepato- 
cytes were cultured for 24 h in serum-free medium containing 
0.25% BSA and for an additional 48 h in medium with or 

without (control) 10 nM of EGF. 

ter the addition of 10 nM of EGF, began after 24 
h and was still evident at 48 h (Fig. 2). 

Both IR IGF-I and IGFBP were present in the 
conditioned medium of adult rat hepatocytes in 
basal conditions; the addition of cycloheximide 
(0.1 pg/ml) was able to reduce the basal and 
EGF-stimulated IGF-I and IGFBP. 

The stimulation of IGF-I and IGFBP secretion 
by EGF appears to be dose-dependent with a 
significant increment already evident at 5 nM 
(Fig. 3). 

Effect of EGF on fGF-I and IGF3P RNA expres- 
sion in adult rat hepatocytes 

Since EGF was shown to clearly affect the 
production of IGF-I and IGFBP peptides, the 
relative RNA levels from EGF-treated and con- 
trol hepatocytes were analyzed by Northern blot 
analysis. Fig. 4 shows the levels of IGF-I RNA in 
hepatocytes cultured with EGF. Major bands of 
hybridization to the rat IGF-I probe are evident 
at 7.0 and 1.7 kb, and in a broad but defined 
region between 0.8 and 1.2 kb. The EGF-in- 
creased IGF-I production was supported by the 
finding that the IGF-I RNA level was 87% higher 
3 h after EGF SuppIementation. The EGF- 
stimulated expression of IGF-I gene was no more 
evident after 10 h. Similarly, the level of RNA 
encoding for IGFBP-1 was increased l-2 h after 
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Fig. 3. Effect of EGF on IGF-I (upper panel) and IGFBP 

(lower panel) accumulated in the culture medium as a func- 

tion of peptide concentration. Adult rat hepatocytes were 

cultured for 24 h in serum-free medium containing 0.25% 

BSA and for an additional 48 h in medium with different 

concentrations of EGF. 

EGF supplementation and declined to the con- 
trol level within 4 h (Fig. 5). In contrast, we were 
unable to show any effect of EGF on the amount 
of IGFBP-2 RNA. In our conditions, RNA en- 
coding for IGFBP3 was undetectable both in 
control and in EGF-treated hepatocytes (data not 
shown). 

Comparison between the effects of EGF and IGF-I 
on isolated hepatocytes 

We then tested whether adult rat hepatocytes 
undergo DNA synthesis following exposure to 
IGF-I. As shown in Fig. 6 (upper panel), expo- 
sure of hepatocytes to synthetic IGF-I did not 
increase [ 3H]thymidine incorporation at any 

kb 
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time 0 3O’lh 2h 3h 10h 
Fig. 4. Autoradiogram of Northern blot of total RNA hy- 

bridized with IGF-I cDNA probe. Total RNA samples were 

prepared from hepatocytes treated with EGF for different 

time periods. 

tested concentration. EGF produced a dose-de- 
pendent increase in the dose range of 2-20 nM. 
Moreover, the effect of EGF was not counter- 
acted by 100 nM of Sm 1.2, a specific anti-IGF 
monoclonal antibody (data not shown). In our 
system insulin (up to 0.5 PM) also did not appear 
to be stimulatory by itself, but it did have a 
powerful synergistic effect on the EGF stimula- 
tion of [3H]thymidine incorporation (data not 
shown). 

EGF -++ ++++ 

time 0 15’ 30’ lh 2h 3h 4h 

Fig. 5. Autoradiogram of Northern blot of total RNA hy- 

bridized with IGFBP-1 cDNA probe. Total RNA samples 

were prepared from hepatocytes treated with EGF for differ- 

ent time periods. 
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Fig. 6. Comparison between the EGF and IGF-I effects on 

isolated hepatocytes. Hepatocytes were cultured in the ab- 

sence (control) or presence of different concentrations of test 

substances (EGF, IGF-I); incubations, measurement of DNA 

synthesis (upper panel) and incorporation of the labeled 

leucine (lower panel) were carried out as described in Materi- 

als and methods. Results are expressed as percent of the 

incorporation recorded in the absence of test substances. 

In contrast, a stimulator effect of IGF-I was 
evident on t3H]leucine incorporation in a dose 
range comparable to that of EGF (Fig. 6, lower 
panel). The effect of maximal stimulatory concen- 
trations of IGF-I and EGF was not additive. 

Discussion 

The results show that in basal conditions hepa- 
tocytes are able to produce IGF-I, and that EGF 
has a dose-dependent stimulatory effect on IGF-I 
production. That EGF increases IGF-I produc- 
tion is supported by the finding that the IGF-I 
RNA level was increased by EGF supplementa- 
tion (Fig. 4). 

While the expression of both IGFBP-1 and 2 
has been demonstrated in liver using RNA hy- 
bridization techniques (Brinkman et al., 1988; 
Murphy et al., 19911, no data are yet available on 
the occurrence of mRNA encoding for IGFBP-3 
in rat hepatocytes. In humans, the finding that 
serum levels of IGFBP-3 are very low in patients 
with liver cirrhosis (Blum et al., 1989) suggests 
that the binding component of the 150 kDa com- 
plex originates primarily in the liver. However, in 
the conditions we used, we were unable to 
demonstrate that adult rat hepatocytes express 
IGFBP3. As it has been demonstrated that 
IGFBP-3 is produced by fibroblasts (Adams et 
al., 1984; Barreca et al., 1988; Martin and Baxter, 
19881, it is possible that its production is due to 
the non-epithelial components of liver. The find- 
ing that IGFBP-1 expression in hepatocytes ap- 
pears to be modulated by EGF (Fig. 5) indicates 
that this growth factor has a direct effect only on 
the synthesis of this IGFBP, although an EGF- 
stimulated secretion of intraceIlularly stored 
IGFBP-2 cannot be ruled out. In view of the fact 
that IGFBPs have been mostly reported to have a 
modulatory effect on IGF autocrine/ paracrine 
actions, it seems noteworthy that the EGF stimu- 
lation of IGF-I production by hepatocytes is ac- 
companied by a similar direct effect on IGFBP-1. 

As for the role of IGF-I on the adult rat liver, 
it is interesting to note that, unlike EGF, which 
greatly enhances [“Hlthymidine incorporation by 
hepatocytes, IGF-I does not seem to exert any 
mitogenic activity on these cells (Fig. 61. This 
result is in agreement with the finding that, un- 
like fetal hepatocytes, adult hepatocytes have no 
type I receptors for IGF peptides (Care et al., 
19881, except during regenerating conditions. This 
and the finding that insulin alone, at high concen- 
tration, has no mitogenic effect suggest that the 
proliferative effect of IGF peptides and of insulin 
on hepatocytes is mainIy exerted through type I 
IGF receptors. It seems likely that, when type 1 
IGF receptors are expressed in the cell mem- 
brane, an autocrine/ paracrine interaction of the 
peptide with its own receptor can take place, thus 
increasing the proliferation rate of regenerating 
liver cells. As liver is the main producer of IGF-I 
(Schwander et al., 19831, then the iack of IGF-I 
mitogenic effect on postnatal hepatocytes pro- 
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vides support for the hypothesis of an endocrine 
action of hepatic IGF-I on statural growth. On 
the other hand, a metabolic effect of IGF-I on 
liver has been described (Widmer et al., 1983; 
Parkes et al., 1986). This is in keeping with our 
data on the stimulatory action of IGF-I on amino 
acid uptake by hepatocytes. As type II IGF re- 
ceptors and the insulin receptors are present in 
liver cell membranes (Krett et al., 1987; Scott and 
Baxter, 1987; Hartshorn et al., 19891, the stimula- 
tion of protein synthesis probably occurs by the 
interaction of IGF-I with these two receptors. 

Although a delayed liver regeneration in hy- 
pophysectomized rats can be restored by GH 
administration (Uthne and Uthne, 19791, it is 
interesting that a non-GH-dependent regulation 
of IGF-I production by EGF can occur in adult 
liver and that this is not restricted to fetal liver. 
The non-GH-dependent regulation supplies a 
likely explanation for normal growth in the fetus, 
when pituitary hormones are absent, while in the 
adult it indicates an important autocrine/ 
paracrine role for IGF-I, particularly during liver 
regeneration after extensive organ mass loss. 

In conclusion, we have shown that a non-GH- 
dependent regulation of IGF-I and IGFBP-1 pro- 
duction by adult rat hepatocytes in culture can 
occur. The possibility of a local stimulatory effect 
on liver IGF-I and IGFBP biosynthesis during 
liver regeneration is supported by the finding 
that, in this condition, the TGF-a liver content is 
increased (Mead and Fausto, 1989). As this factor 
acts through the EGF receptor, it seems likely 
that an increased liver TGF-a level can induce an 
increased IGF-I synthesis, which may in turn be 
involved in hepatic regeneration. 
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