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Hepatocyte growth factor (HGF)/scatter factor is known to be the most potent mitogen for
hepatocytes. In this paper, we report that lipogenesis in primary cultured rat hepatocytes
treated with 10 ng/ml of recombinant human HGF (rhHGF) for 24 h was stimulated, as
measured by the incorporation of 3H2O into long-chain fatty acids, to more than twice as
much as the control. Insulin (0.1 pM) was more effective than rhHGF but rhHGF did not
show an additive or synergistic effect when added to insulin. We also showed that treatment
with rhHGF increased the activities of glucose-6-phosphate dehydrogenase (G6PDH) and
malic enzyme, key enzymes which supply NADPH for lipogenesis, and acetyl-CoA carbox-
ylase, the rate-limiting enzyme of lipogenesis. The increase in G6PDH and acetyl-CoA
carboxylase activities was accompanied by increases in the levels of mRNA for the
enzymes. These results suggest that HGF is involved in liver regeneration not only by
stimulation of cell proliferation but also by acceleration of differentiation of hepatocytes.

Key words: acetyl-CoA carboxylase, cell differentiation, hepatocyte, hepatocyte growth
factor /scatter factor, lipogenesis.

Human hepatocyte growth factor (hHGF) was initially
found in the plasma or sera of patients with fulminant
hepatic failure (1) and was purified from the plasma of such
patients as a hepatotrophic factor (2). Active hHGF is a
heterodimer of about 90kDa (2). Analysis of cDNA for
hHGF which has been cloned from a human placental cDNA
library revealed that the two peptide chains of active hHGF
are derived from an inactive single-chain peptide precursor
(pro-hHGF) encoded in a single mKNA (3). We have shown
that recombinant hHGF (rhHGF) prepared from the cul-
ture supernatant of Chinese hamster ovary (CHO) cells
transfected with hHGF cDNA (4) is a powerful mitogen for
both rat and human hepatocytes in vitro, like native hHGF
purified from plasma of patients with fulminant hepatic
failure (5).

hHGF is now known to be the same molecule as scatter
factor (6) and tumor cyto toxic factor (7), to be a broad-
spectrum and multi-functional cytokine, and to be the
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specific ligand for the c-met receptor (for reviews, see book
Ref. 8). It is also thought to be involved in liver regenera-
tion following liver injury such as hepatitis or liver resec-
tion based on the following observations (for review, see
Ref. 9). (1) Plasma or serum levels of hHGF in patients
with fulminant hepatic failure were far higher than those in
normal subjects. These levels showed a significant correla-
tion with the clinical grade of hepatic encephalopathy
(coma), a parameter of hepatic dysfunction (10). (2) The
high plasma levels of hHGF in patients with fulminant
hepatic failure rapidly declined to near-normal levels when
the patients recovered from the disease (10, 11). (3) hHGF
levels in plasma or sera in patients with liver diseases other
than fulminant hepatic failure were also found to be
significantly higher than those in normal subjects whose
plasma hHGF concentration was as low as 0.2 ng/ml (12).
(4) rhHGF also stimulates proliferation of human intrahe-
patic biliary epithelial cells (hBEC) in vitro (13). In
addition, Ishii et al. (14) recently reported that administra-
tion of rhHGF to normal rats in vivo increased the labeling
index of hepatocytes nearly 6-fold and that, when given to
partially hepatectomized rats, rhHGF stimulated the re-
generation rate of hepatocytes and liver weight. We have
also recently shown that normal human serum contains an
active hHGF-activator, serine protease(s), which cata-
lyze^) proteolytic processing of inactive pro-hHGF to form
active hHGF heterodimer, and that plasma from patients
with liver diseases such as fulminant hepatic failure con-
tains significant amounts of pro-hHGF as well as active
hHGF (15). In experimental animals, HGF activity in the
liver and plasma was also shown to increase markedly
before liver regeneration peaked, in rats subjected to
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partial hepatectomy (16), and in the blood of mice with
hepatic injury induced by administration of a hepatotoxin
such as carbon tetrachloride (17).

Regeneration of tissues requires two steps: proliferation
of the cells and differentiation of immature cells to express
the phenotype of the cells. There are a number of reports
regarding the effect of HGF in stimulating the proliferation
of hepatocytes (for review, see Ref. 9) but little is known
about the effect of HGF on differentiation of the cells. In
this regard, Takehara et at. (18) reported that HGF
stimulates albumin synthesis by rat hepatocytes in primary
culture, and Strain et al. (19) showed that hBEC cultured
with rhHGF maintain expression of hBEC phenotypic
markers for several passages. We have shown that the rates
of synthesis and gene expression of rat fetuin, which is the
rat counterpart of human a^-HS glycoprotein and a nega-
tive acute reactant of hepatocytes, are stimulated by
rhHGF in vitro and in vivo (20). In addition, Ishii et al.(14)
recently reported that administration of rhHGF to normal
and partially hepatectomized rats increases the levels of
blood proteins such as albumin and blood coagulation
factors. They also showed that rhHGF stimulates gene
expression of albumin in normal rat liver in vivo (14).
These observations suggest that HGF is not only a mitogen
to hepatocytes, but also an activator of cell differentiation.

In this paper, we report that rhHGF stimulates lipogene-
sis, one of the most important functions of the liver, in rat
hepatocytes in primary culture. We also describe the
stimulation by rhHGF of gene expression of some key
enzymes involved in lipogenesis.

MATEEIALS AND METHODS

Materials— [*-32P]dCTP (111 TBq/mmol), [3H]H2O
(925MBq/ml), and [uC]sodium bicarbonate (0.21 GBq/
mmol) were purchased from Du Pont-New England Nu-
clear, Boston, MA; bovine insulin, NADP and acetyl-CoA
(sodium salt) were from Sigma Chemical, St. Louis, MO;
dithiothreitol was from Nacalai Tesque, Kyoto; size
markers of RNA (RNA ladder) were from Bethesda
Research Laboratories Life Technologies, Gaithersburg,
MD; Hybond-N+ nylon hybridization membrane, multi-
prime DNA labeling system and rapid hybridization buffer
were from Amersham-Japan, Tokyo; Taq DNA polymer-
ase [EC 2.7.7.7] was from Boehringer Mannheim GmbH,
Mannheim, Germany; X-ray film for autoradiography was
from Konica, Tokyo. Recombinant hHGF (rhHGF) was
prepared and purified as described previously (4). cDNAs
for rat glucose-6-phosphate dehydrogenaae (G6PDH) [EC
1.1.1.49] (21) and rat acetyl-CoA carboxylase [EC
6.4.1.2] (22) were generously supplied by Dr. Nobuko
Iritani, Tezukayama Gakuin, Osaka. cDNA for human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
kindly supplied by Dr. S. Sakiyama, Chiba Cancer Center
Research Institute and Hospital, Chiba. Other materials
used for preparation of adult rat hepatocytes, electrophore-
sis and Northern blot analysis were as described elsewhere
(2, 20, 23).

Preparation of Primary Cultures of Parenchymal Cells
from Adult Rat Liver—Male rats of the Wistar strain,
weighing 150-200 g, were maintained with laboratory chow
and water ad libitum, and hepatocytes in primary culture
were prepared as described previously (2). Unless other-

wise mentioned, the cells were suspended at a density of
7.5 X 10s cells/ml of Williams medium E containing 5%
fetal calf serum, 1 //M dexamethasone, and 100 //g/ml of
kanamycin sulfate (basal medium), and plated into 6-well
plastic plates (Nunc A/S, Roskilde, Denmark) at 2.0 ml/
well (1.5X105 cells/0.2 ml/cm1). Cells were cultured at
37*C in a humidified atmosphere of 5% CO2 in air, and the
medium was changed to basal medium containing 20 mM
glucose 4 h after seeding because the rate of lipogenesis in
rat liver is reported to reach a maximum at 15-20 mM
glucose in perfusate (24) and, because the periportal blood
level of glucose in rats was more than 10 mM 1 h after the
end of the 3-hour feeding schedule (24). The cells were
incubated for 24 h, and the medium was then changed to the
same medium with or without rhHGF or insulin, or both, at
the concentrations indicated and further incubated for the
time indicated.

Determination of the Rate of Lipogenesis in Hepatocytes
in Culture—The rate of de novo synthesis of fatty acids was
determined by pulse-labeling cultured cells with 3H2O
(18.5 MBq/ml) (25-27), and the cells were incubated for 2
h. The cells were washed twice with Ca2+- and Mg^-free
phosphate-buffered saline (PBS) and kept in 1 ml of water
at — 20"C overnight. Total lipids were extracted by the
method of Bligh and Dyer (28) with a mixture of chloro-
form-methanol ( 1 : 1 , v/v), and the total lipids were
saponified at 80*C for 2 h with 5 N NaOH (26). The solution
was diluted with water and acidified with ION H2S04.
Long-chain fatty acids were then extracted with petroleum
ether (b.p. 40-60"C), the petroleum ether layer was washed
twice with 5 ml of water, and the radioactivity was
measured by a liquid scintillation counter (model LSC-
903S, Aloka, Tokyo). In order to determine the specific
radioactivity of 3H2O in the medium, a sample of 1 //I of the
medium was withdrawn 1 h after the addition of radio-
active water.

Assays of Enzyme Activities—The cells were harvested
with a rubber policeman in 1 ml of 50 mM Tris-HCl buffer
(pH 7.5) containing 0.1 mM dithiothreitol and 5 mM EDTA
(29) for assay of G6PDH, or in 0.5 ml of 50 mM Tris-HCl
(pH 7.4) containing 0.1 mM EDTA and 0.25 M sucrose (30)
for malate dehydrogenase (oxaloacetate-decarboxylating)
(NADP+) [EC 1.1.1.40] (so-called "malic enzyme"). The
cells were homogenized with a hand-held micro-
homogenizer (Physcotron, model NS-310E, Niti-on Irika,
Tokyo) and centrifuged at 30,000 x g for 30 min, and the
resulting supernatant was used to determine the enzyme
activity by the methods of Deutsch (31) and Hsu and Lardy
(32), for G6PDH and malic enzyme, respectively. One unit
of enzyme activity was defined as 1 //mol of NADPH
formed/min at 25*C and expressed as unit/mg cellular
protein.

For assay of acetyl-CoA carboxylase, hepatocytes were
cultured as above, harvested, and washed with 5 ml of 20
mM triethanolamine-HCl buffer (pH 7.4) containing 0.2 M
sucrose, 1 mM dithiothreitol, and 1 mM EDTA (sucrose
solution) (33), then collected by centrifugation. The cell
pellet was suspended in 0.25 ml of the sucrose solution and
homogenized with a hand-held micro-homogenizer as
above. The homogenate was centrifuged at 100,000 X g for
30 min and the supernatant was used as an enzyme source
of acetyl-CoA carboxylase. The enzyme activity was deter-
mined by measuring H14CO3" incorporation into malonyl-
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CoA in the presence of 50 mM sodium citrate as described
by Shafrir and Biennan (34). Two blank series of reaction
mixtures without acetyl-CoA and with the sucrose solution
instead of the supernatant were always run. Both blank
series gave similar values, and the value was subtracted
from the assay series.

Northern Blot Analysis—Hepatocytes were cultured in
8.5 cm plastic dishes (Nunc "100x20," 56.7 cm2) at the
same cell density as above with or without rhHGF, the total
cellular RNA was extracted by the acid guanidium thio-
cyanate-phenol-chloroform method (35) from 1.5 X107

cells, and poly(A)+ RNA was prepared using Oligotex-dT30
(super) (Daiichi Pure Chemicals, Tokyo) as described
previously (36).

To analyze the expression of G6PDH mRNA, total
cellular RNA was electrophoresed in 1% agarose gel in 2.2
M formaldehyde and transferred to a Hybond-N+ nylon
membrane as described previously (37). The membrane
was then hybridized in rapid hybridization buffer with the
cDNA for rat G6PDH labeled with [a -32P]dCTP by using a
multi-prime labeling system. To analyze the expression of
acetyl-CoA carboxylase mRNA, poly(A)+ RNA (3//g per
lane) was electrophoresed in 0.8% agarose gel in 2.2 M
formaldehyde and transferred to nylon membrane as
described above. The membrane was hybridized with
cDNA for rat acetyl-CoA carboxylase labeled with [a-
52P] dCTP by the polymerase chain reaction (PCR) method.
Labeling of the cDNA fragment of acetyl-CoA carboxylase
by PCR was carried out essentially as described by Scho-
walter and Sommer (38). Briefly, plasmid pUC18 which
contains a fragment of acetyl-CoA carboxylase [nucleotide
number 6685-7010, (22)] was used as a template DNA and
subjected to PCR amplification with Taq DNA polymerase
using the sense strand (5'-TGTAAAACGACGGCCAGT-3')
and antisense strand (5'-GAAACAGCTATGACCATG-3')
primers. The reaction mixture contained 1.0/^M of each
primer, 0.32 mM each of dATP, dGTP, and dTTP, 0.66 ,uM
of [ff-32P]dCTP (111 TBq/mmol) and 2 U of Taq DNA
polymerase in 50 ^1 of 10 mM Tris-HCl (pH 8.3) contain-
ing 50 mM KC1 and 2.5 mM MgCl2. The reaction was
carried out with 30 cycles of denaturation for 45 s at 88'C,
annealing for 1 min at 60*C, and extension for 2 min at
72*C, using a Thermal Cycler (model PHC-3, Techne,
Duxford, Cambridge, UK). Unincorporated nucleotides
were removed using a Quick Spin column (Boehringer), and
the PCR product was fractionated in 2% agarose gel. The
predicted band size (330 bp) was excised, extracted and
used as the probe for Northern blot hybridization. The

radioactivity on the hybridized membrane was determined
either by autoradiography or with a Bioimaging analyzer
(model BAS-1000, Fujifilm, Tokyo). Equal loading of the
lanes were checked by re-hybridizing the membrane with
32P-labeled GAPDH cDNA as described by Sambrook et al.
(39).

Other Methods—Protein was measured by the method of
Lowry et al. (40). Statistical evaluation was done by using
Student's t test for unpaired samples to compare the mean
values of groups.

RESULTS

When rat hepatocytes were treated with 10 ng/ml of
rhHGF for 24 h, the rate of lipogenesis was stimulated to
about 2 times the control (Table I). Insulin, a positive
control, was more effective than HGF, but the HGF did not
show an additive or a synergistic effect when added to
insulin under the conditions we used. We obtained similar
results in four other separate experiments (data not
shown). Since we used 3H2O as a labeled precursor of fatty
acid, one can calculate the amount of acetyl group incorpo-
rated into fatty acids from the values of hydrogen from

Time( h)

Fig. 1. Changes in G6PDH activity after addition of rhHGF in
rat hepatocytes in primary culture. Cells (1.5 x 10'/0.2 ml/cm1)
were incubated in 6-well plastic dishes with a basal medium contain-
ing 20 mM glucose for 24 h, then further incubated with (•) or
without (O) 10 ng/ml rhHGF for the times indicated. After the end of
the incubation, the cells were harvested and the G6PDH activity was
determined as described in "MATERIALS AND METHODS." The
points and bars show the means and SDs for triplicate wells. *p<
0.001 us. control (absence of rhHGF).

TABLE I. Effects of rhHGF and insulin on the rate of lipogenesis and activity of G6PDH in rat hepatocytes in primary culture.
Hepatocytes cultured in a medium of 20 mM glucose for 24 h were further incubated with or without rhHGF or insulin, or with both at the
concentrations indicated for 24 h. For measurement of the rate of lipogenesis, the cells were labeled with 'H,0 for an additional 2 h as described
in "MATERIALS AND METHODS." Amount of acetyl group incorporation into fatty acids was calculated from the specific radioactivity of the
'H,0 of the medium and the radioactivity in fatty acids as described by Jungas (25). Activity of G6PDH at 0 time was 10.6 ± 1.5 mU/mg protein
(n = 6). Data are expressed as mean±SD of 3 wella, and figures in parentheses are rate of stimulation (fold).

Addition
(concentration)

Rate of lipogenesis
*H2O incorporation
(dpm/mg protein)

Acetyl group incorporation
(nmol/mg protein/h)

G6PDH activity

(mU/mg protein)

None
rhHGF (10 ng/ml)
Insulin (0.1 ^M)
rhHGF (10 ng/ml) + insulin (0.1 /iM)

182.4±39.2
464.5±79.0

l,047.0±193
1,131.8±195

4.87±0.84 (1.0)
10.47±0.94' (2.15)
27.18±3.27" (5.58)
27.27±3.30b (5.60)

9.8 ±1.6 (1.0)
20.2±1.5" (2.1)
29.8 ±2.6" (3.0)
34.1±5.9" (3.5)

"p<0.005 and "p<0.001 us. control (no addition).
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3H2O incorporated into fatty acids using a formula original-
ly reported by Jungas (25) (see also Ref. 26) (Table I).

We next examined the effect of HGFon the activity of
enzymes involved in lipogenesis. The activity of G6PDH, a
key enzyme which supplies NADPH for lipogenesis, was
found to increase to about twice the control level, when the
cells were treated with 10 ng/ml of rhHGF for 24 h (Table
I). Insulin was more effective in stimulating the activity
than HGF. This stimulation of G6PDH activity by rhHGF
was time-dependent and continuously increased up to 48 h
(Fig. 1). The stimulation of G6PDH activity by rhHGF was
also dose-dependent, and a significant increase was ob-
served at 5 ng/ml (Fig. 2A). Because the activity of hepatic
G6PDH is known to increase during liver regeneration in
humans and experimental animals (41-43), we also
measured the activity of malic enzyme, another key en-
zyme which supplies NADPH for lipogenesis, and found
that it increased to about twice the control level, when the
cells were treated with 10 ng/ml of rhHGF for 24 h (42.5 ±
3.4 and 21.3±6.9 mU/mg protein with and without
rhHGF, respectively, p<0.001, n=3). Insulin (0.1//M)
was more effective (58.7 ± 4.6 mU/mg protein) in stimulat-
ing malic enzyme activity than rhHGF, but the addition of
rhHGF to insulin did not produce any additive or synergis-

2 4 6 8 10
rHGF(ng/ml)

12

10

B
rhHGF
(ng/ml)

G6PDH-"

GAPDH-

Fig 2 Dose-response curves for stimulation of G6PDH activ-
ity (•) and G6PDH mRNA expression (o) by rhHGF in rat
hepatocytes in primary culture. Panel A: Cells were incubated
with rhHGF at the concentrations indicated for 24 h. Other experi-
mental conditions were the same as for Fig. 1. The points and bars
show the means and SDs for triplicate wells. *p< 0.001 us. control
(without rhHGF). Panel B: The total cellular RNA (8//g/lane)
extracted from the cells incubated under the same conditions asuiA,
except in Nunc "100 X20" (56.7 cm1) plastic dishes, was electropho-
resed and blotted onto a nylon membrane, and the G6PDH mRNA
(2.3 kb) was determined by Northern blotting with "P-labeled cDNA
for rat G6PDH as a probe For quantitation of the mRNA level, the
intensities of the bands of G6PDH mRNA were measured with a
densitometer, and the relative values of G6PDH mRNA (2 3 kb) were
normalized with respect to those for GAPDH mRNA (1 5 kb) and then
plotted in A

tic effect (data not shown). Because the results described
above_strqngly_ suggested, that HGF stimulated Je novo_
synthesis of key enzymes of lipogenesis, we examined the
effect of rhHGF on levels of mRNA for G6PDH in cells by
Northern blot hybridization. As shown in Fig. 2B, levels of
G6PDH mRNA (2.3 kb in size) (21) were increased dose-
dependently by treatment with rhHGF. The intensities of
bands measured by a densitometer and values normalized
with respect to the intensity of the band of an internal
control are plotted in Fig. 2A. The level of G6PDH mRNA
increased virtually in proportion to the activity of the
enzyme.

Finally, we examined the effect of rhHGF on the activity
of acetyl-CoA carboxylase and on the levels of the mRNA
for this enzyme, which is the rate-limiting enzyme in the
biosynthesis of long-chain fatty acids. As shown in Fig. 3,
hepatocytes treated with rhHGF at a concentration of 10
ng/ml stimulated the activity of acetyl-CoA carboxylase
continuously up to 48 h of culture, and the level of stimula-

24
Culture time ( h )

Fig. 3 Effects of rhHGF and insulin on acetyl-CoA carbox-
ylase activity in rat hepatocytes in primary culture. Culture
conditions were the same as in Fig. 1, except for the addition of 10 ng/
ml rhHGF (•), 0 1 //M insulin (O), or none (A) during the incubation
period. The points and half bars show the means and SDs for triplicate
wells

1 2 3 4 5 6 7

"ACC

GAPDH

Fig. 4. Effects of rhHGF and insulin on expression of mRNA
for acetyl-CoA carboxylase in rat hepatocytes in primary
culture. Culture conditions were the same as in Fig. 2B, except for
the incubation time and amounts added during the incubation period.
Poly(A)+RNA (3 //g/lane) extracted from cells without incubation
(lane 1), or incubated for 24 h (lanes 2-4) or 48 h (lanes 5-7) were
analyzed by Northern blot hybridization as described in 'MATE-
RIALS AND METHODS " Lanes 2 and 5: without addition; lanes 3
and 6: with 10 ng/ml rhHGF; lanes 4 and 7: with 0.1 //M insulin
ACC- acetyl-CoA carboxylase mRNA (7.5 kb); GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase mRNA (1.5 kb).
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tion was about 2- and 5-fold that of the control (without
rhHGF) at 24 and 48 h, respectively. Insulin, at a concen-
tration of 0.1 /̂ M showed almost the same effect as that of
rhHGF (Fig. 3), but rhHGF did not show additive or
synergistic effects when added to insulin (data not shown).
The levels of mRNA for the enzyme (7.5 kb in size) (22)
also increased time-dependency (Fig. 4). The intensities of
the bands which had been normalized with respect to that of
the internal control (GAPDH mRNA) increased virtually
proportionally to the activity (5.4 and 7.9 fold with rhHGF
and insulin for 48 h, respectively).

The results described above indicate that HGF stimu-
lates lipogenesis in rat hepatocytes in primary culture by
induction of key enzymes involved in lipogenesis and
suggest that HGF is involved in liver regeneration not only
by stimulation of cell proliferation, but also by stimulation
of differentiation of hepatocytes.

DISCUSSION

The advantage of the use of labeled water (2H2O or 3H2O) to
measure the rate of lipogenesis has already been discussed
by Jungas (25) and others (24, 26, 44). In this study, we
used tritium-labeled water as a precursor of fatty acids and
found that the rate of lipogenesis in primary cultured rat
hepatocytes was 4.87 nmol acetyl group incorporated into
fatty acid/mg protein/h, corresponding to the value ob-
tained in isolated rat liver cells by Nilsson et al. (45). The
rate of lipogenesis in liver in vivo, however, is reported to
be 69 /*mol acetyl group incorporated into fatty acid/g
liver/h (44) or 58/*mol/g dry wt of liver/h (24) in rats
receiving a scheduled diet (3 h/day) consisting of labora-
tory chow. Assuming that the protein content of the liver is
23%, these values can be calculated to be 300 or 252 nmol
acetyl group incorporated into fatty acid/mg protein/h,
which is about 50 times higher than the value we obtained
in this study. Although the feeding conditions for the rats
we used and the in vivo studies described above were
slightly different, the discrepancy between the values
obtained in vivo and in cultured hepatocytes could be due to
the difference in the environmental conditions of the cells,
such as lower pO2 than in vivo and hormonal status.

HGF is now known to be a multi-functional growth factor
acting as a mitogen, motogen, and morphogen for various
types of epithelial cells and is thought to be a physiological
hepatotrophic factor for liver regeneration following liver
injury in humans and experimental animals (9). In addition
to the well known multiple biological activities of HGF, it
has recently been shown that HGF stimulates differ-
entiated functions of hepatocytes, such as synthesis of
albumin, rat fetuin, and blood coagulation factors in vivo
(14, 18, 20). In this study, we found that rhHGF induced
key enzymes involved in lipogenesis, and stimulated the
rate of lipogenesis, one of the most important differentiated
functions of the liver, in rat hepatocytes in primary culture.
As far as we know, this is the first report showing that HGF
regulates a metabolic pathway consisting of several en-
zymes.

In contrast to HGF, epidermal growth factor (EGF), a
potent hepatotrophic factor, suppressed insulin-stimulated
lipogenesis, as measured by the incorporation of 14C-ace-
tate into triglyceride and phospholipid in rat hepatocytes in
primary culture (46). Although the use of MC-acetate to

measure the rate of lipogenesis is open to serious criticism
as discussed by Jungas (25) and others (24, 26, 44), the
above results may indicate that EGF stimulates only
growth of hepatocytes, and may not be involved in differ-
entiation of the cells. Yoshimoto et al. (46) also reported
that G6PDH was induced dose-dependently by EGF with or
without insulin in rat hepatocytes, but the induction of
malic enzyme by insulin plus 3,3',5-triiodothyronine was
strongly suppressed to near basal levels by the addition of
EGF. Because hepatic G6PDH is known to increase in
regenerative conditions in humans during hepatitis and
cirrhosis (41) and in experimental animals after treatment
with Uver poisons such as carbon tetrachloride (42) and
D-galactosamine (42), induction of G6PDH by EGF may
participate in the synthesis of nucleic acid in growing cells.
Therefore, the present and previous findings strongly
suggest that HGF may participate in the process of liver
regeneration, not only by stimulating the proliferation of
hepatocytes but also by enhancing some impaired differ-
entiated liver functions, such as the synthesis of blood
proteins and lipogenesis.

Under the conditions we used, HGF (lOng/ml) did not
show an additive or a synergistic effect on stimulation of
lipogenesis or induction of the key enzymes involved in
lipogenesis when it was used with insulin (0.1//M).
However, this could be because 0.1 //M insulin stimulated
the rate of lipogenesis and induction of the key enzymes to
the maximum, in which case HGF could not show an
additive effect. Therefore, it is possible that when the cells
are treated with insulin at a lower concentration than 0.1
//M, HGF may show an additive or a synergistic effect, but
further study is necessary to confirm this possibility.

Although the mechanism by which key enzymes involved
in lipogenesis are induced by HGF is not clear at present,
we previously showed that HGF stimulates the rate of
synthesis and gene expression of rat fetuin, which is a
negative acute phase reactant of hepatocytes in vitro and in
vivo (20), and we suggested that HGF is likely to stimulate
rat fetuin gene by inducing CCAAT/enhancer-binding
protein-** (C/EBP-a) (20), which is postulated to stimu-
late the expression of a broad-spectrum of liver-specific
genes of negative acute phase proteins (47) and is present
in the promoter regions of rat fetuin (48) and other
negative acute phase proteins such as albumin and trans-
thyretin (49). Alternatively, HGF may suppress nuclear
factor for IL-6 expression (NF-EL6), which is involved in
the regulation of the gene expression of various positive and
negative acute phase reactants in mouse liver (49, 50). In
this regard, it is noteworthy that genes for G6PDH and
acetyl-CoA carboxylase also contain the NF-EL6 binding
sequence in their promoter regions (51, 52), whereas the
C/EBP-tf binding sequence is present only in that of
G6PDH, but not in that of acetyl-CoA carboxylase. Prelimi-
nary results in our laboratory showed that C/EBP- a is not
involved in the regulation of the gene expression of rat
fetuin in hepatocytes in primary culture (Ohnishi et al.,
unpublished observation). Therefore, HGF may stimulate
the gene expression of these enzymes by only suppressing
NF-IL6. On the other hand, there are many reports show-
ing the presence of insulin-responsive element (IRE)
sequences in some of the genes whose expression is regulat-
ed by insulin, such as acetyl-CoA carboxylase (53), phos-
phoenolpyruvate carboxykinase (54), and glyceraldehyde-
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3-phosphate dehydrogenase (55), although the reported
IRE sequences are somewhat variable and there is no
consensus sequence. Therefore, it is possible that HGF
stimulates the gene expression of G6PDH and acetyl-CoA
carboxylase by regulating the activity of these IRE binding
proteins, because the effects of HGF on such enzyme
activity and the rate of lipogenesis do not increase when
HGF is added to insulin, as we reported in this paper. The
mechanism of the induction of gene expression of these
enzymes by HGF is currently the subject of further investi-
gation.

Liver regeneration requires two steps: (1) proliferation
of hepatocytes and other surrounding cells, and (2) differ-
entiation of proliferating cells into mature hepatocytes that
express liver-specific functions. The mechanism of the
overall regenerative process of liver is not fully understood
at present. However, a wide variety of factors such as
nutrients, hormones, neurotransmitters, and growth fac-
tors, are thought to regulate the regenerative process {56,
57). Although it is necessary to determine the effect of HGF
on various liver-specific functions, such as glycolysis,
gluconeogenesis, amino acid metabolism, and detoxication,
the present and previous results suggest that HGF is a very
important physiological hepatotrophic factor for liver
regeneration because HGF stimulates proliferation and
differentiation of hepatocytes in vitro and in vivo.

We thank Dr. Takehisa Ishii, Mitsubishi Chemical Corporation for
providing rhHGF, and Miss Michi Uesugi and Miss Yoko Yasuda for
their valuable secretarial assistance.
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