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Abstract

We investigated the effects of glycyrrhizin (GL-1) and some analogues on DNA synthesis and proliferation in serum-free primary
cultures of adult rat hepatocytes. The hepatocytes underwent DNA synthesis and proliferation in response to GL-1 and some analogues.
The effects of these agents occurred in atime- and dose-dependent manner. The proliferative potency as judged by half-maximal effective
concentrations was in the following order: 18-p-H-glycyrrhetinic acid (GL-3; 4.5 X 10~ ° M) < 18-B-H-glycyrrhizin (GL-1; 4.4 x 108
M) < 18-a-H-glycyrrhetinic acid (GL-6; 6.0 X 108 M). The analogue 18-a-H-glycyrrhetinic acid 3-O-B-p-monoglucuronide (GL-5;
1.0x 10~7 M) weskly stimulated hepatocyte DNA synthesis and proliferation, whereas 18-a-H-glycyrrhizin (GL-4) and 18-B-H-glycyr-
rhetinic acid 3-O-B-p-monoglucuronide (GL-2) did not. The growth-promoting effects of GL-1, GL-3 and GL-6 were significantly
inhibited at higher initial plating densities (7.0 X 10* and 10 x 10* cells/cm?). A monoclonal antibody against epidermal growth factor
(EGF) receptor (1-100 ng/ml), but not that against EGF (1-100 ng,/ml), dose-dependently inhibited glycyrrhizin- and anal ogue-induced
hepatocyte DNA synthesis and proliferation. Specific inhibitors of growth-related signal transducers, such as genistein, PD98059
(2'-amino-3-methoxyflavone) and rapamycin, completely blocked glycyrrhizin- and analogue-induced hepatocyte DNA synthesis and
proliferation. Treatment of hepatocytes with GL-1, GL-3 and GL-6 rapidly stimulated tyrosine phosphorylation of the EGF receptor and
p42 MAP kinase, which were inhibited by genistein and PD98059, respectively. These results suggest that glycyrrhizin and some
analogues are primary hepatocyte mitogens that bind to EGF receptors and subsequently stimulate the receptor tyrosine kinase,/mitogen-
activated protein kinase pathway to induce hepatocyte DNA synthesis and proliferation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

We have previously demonstrated that epidermal growth
factor (EGF) (Kimuraand Ogihara, 1997a), insulin (Kimura
and Ogihara, 1997b), hepatocyte growth factor (HGF)
(Kimura and Ogihara, 1997c) and transforming growth
factor-a (TGF-a) (Kimura and Ogihara, 1999) stimulate
DNA synthesis and proliferation in serum-free primary
cultures of quiescent adult rat hepatocytes. Moreover, the
effects of these growth factors are modulated differently
by the initial plating densities and comitogens (e.g., cate-
cholamines). In these studies, we demonstrated that the
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serum-free primary cultured hepatocyte system is an useful
in vitro model with which to assess hepatocyte growth and
to investigate the mechanism of action induced by primary
mitogens and /or comitogens. The basic machinery for the
regulation of hepatocyte proliferation is being elucidated
(Michalopoulos, 1994; Diehl and Rai, 1996; Michal opou-
los and DeFrances, 1997). However, the relative impor-
tance of each factor and interactions between them remain
poorly understood.

Glycyrrhizin is a triterpene glycoside extracted from
licorice root (Glycyrrhiza glabra). It consists of an 18-3-
H-oleanane-type structure that combines with two sugar
molecules (glucuronic acids) at the C-3 position (Fig. 1).
Glycyrrhizin and some analogues have various pharmaco-
logical effects such as anti-inflammatory, antitumorigenic
and antihepatotoxic activities (Finney and Somers, 1958;
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Fig. 1. Chemical structure of glycyrrhizin (GL-1).

Capasso et a., 1983; Nishino et al., 1986; Shibata et al.,
1987; Monder et al., 1989; Nose et a., 1994; Inoue et al.,
1996). The study of the structure—activity relationships
among glycyrrhizin and some analogues will alow the
exploitation of more valuable therapeutic agents. For in-
stance, glycyrrhetinic acid (the aglycone of glycyrrhizin)
analogues enhance the therapeutic effects and suppress
adverse actions (pseudo-aldosteronism) of the parent com-
pound, glycyrrhizin (Kumagai et al., 1987; Shibata et al.,
1987).

In Japan, Stronger Neo-Minophagen C (SNMC), the
active ingredient of which is glycyrrhizin, has been used
intravenously to treat chronic hepatitis for over 20 years.
The intravenous administration of SNMC decreases ele-
vated serum aanine aminotransferase levels in patients
with chronic viral hepatitis C (Arase et a., 1997; van
Rossum et al., 1999), improves liver function with occa-
sional complete recovery from hepatitis and reduces the
progression of liver disease to hepatocellular carcinoma
(Arase et a., 1997). The effect and safety of SNMC in
patients with chronic hepatitis C have recently been evalu-
ated in Europe (van Rossum et al., 1999).

The hepatoprotective effects evoked by glycyrrhizin are
thought to be related mainly to its anti-inflammatory ac-
tion. On the other hand, few studies have focused on the
effects of glycyrrhizin and analogues on hepatocyte growth
(DNA synthesis and proliferation). Examination of the
effects of these agents on hepatocyte growth response is of
particular importance, because they may improve liver
failure by stimulating liver regeneration. Furthermore, if
this is so, the mechanism of action by which glycyrrhizin
and analogues improve hepatitis, should be elucidated to
develop more effective therapeutic agents. The present
study investigates whether or not glycyrrhizin and its
analogues stimulate the growth of quiescent adult rat hepa-
tocytes using a serum-free primary culture system.

The results demonstrated that glycyrrhizin and some
analogues induce DNA synthesis and proliferation in pri-
mary cultures of adult rat hepatocytes in a time- and
dose-dependent manner. Like EGF, the growth-promo-
ting effects of glycyrrhizin and the active analogues are
cell density-dependent and potentiated by cAMP-elevating
agents such as glucagon, forskolin and 8-bromo-cAMP.
Furthermore, glycyrrhizin and its active analogues can
function as EGF receptor agonists, since hepatocyte DNA
synthesis and proliferation were blocked by a monoclonal
antibody against the EGF receptor. In addition, we directly
demonstrate that treatment of hepatocytes with GL-1, GL-3
and GL-6 rapidly stimulated tyrosine phosphorylation of
the EGF receptor (Tyr 1068) and p42 mitogen-activated
protein (MAP) kinase, which were inhibited by genistein
and PD98059, respectively. These results suggest that gly-
cyrrhizin and some analogues are primary hepatocyte mito-
gens that bind to EGF receptors and subsequently stimu-
late the receptor tyrosine kinase/MAP kinase pathway to
induce hepatocyte DNA synthesis and proliferation. To our
knowledge, this is a novel mechanism of action of gly-
cyrrhizin and its active analogues on the growth of primary
cultured hepatocytes.

2. Materials and methods

2.1. Animals

Male Wistar rats (weight 200-220 g) obtained from
Saitama Experimental Animal (Saitama, Japan) were al-
lowed to adapt to a humidity- and temperature-controlled
room for at least 3 days before experimentation. They were
fed a standard diet and given tap water ad libitum. The rats
were handled in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory
Animals.

2.2. Hepatocyte isolation and culture

The rats were anesthetized by an intraperitoneal injec-
tion of sodium pentobarbital (45 mg/kg). Hepatocytes
were isolated from normal livers by two-step in situ colla
genase perfusion to facilitate disaggregation of the adult
rat liver as described (Seglen, 1975). In brief, hepatocytes
were washed three times by slow centrifugation (50 X g, 1
min) of the cell suspension to remove cell debris, damaged
and nonparenchymal cells. Viability as tested by Trypan
blue exclusion was over 97%. Unless otherwise indicated,
isolated hepatocytes were plated onto collagen-coated plas-
tic culture dishes (Sumitomo Bakelite, Tokyo, Japan) at a
density of 3.3 x 10* cells/cm? (3.1 X 10° cells/35-mm
dish) and alowed to attach for 3 h on collagen-coated
dishesin Williams' medium E containing 5% newborn calf
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serum, 0.1 nM dexamethasone, 100 U /ml penicillin, 100
g /ml streptomycin and 0.10 pg/ml aprotinin in 5%
CO, in air a 37 °C. The medium was changed and the
cells were cultured in serum- and dexamethasone-free
Williams medium E supplemented with glycyrrhizin and
analogues. When appropriate, the following agents were
added: glycyrrhizin and analogues with or without EGF,
cAMP-elevating agents, inhibitors of signa transducing
elements (e.g., genistein, wortmannin, PD98059 and ra-
pamycin) and monoclonal antibodies against EGF or EGF
receptors.

2.3. Measurement of DNA synthesis

Hepatocyte DNA synthesis was assessed by measuring
the incorporation of [*Hlthymidine into acid-precipitable
materials (Morley and Kingdon, 1972). Briefly, after an
initial attachment period of 3 h, the hepatocytes were
washed twice with serum-free Williams' medium E and
cultured in medium containing glycyrrhizin and analogues
for an additional 4 or 21 h. The cells were pulsed at 0, 1, 2
or 19 h post-glycyrrhizin (or anaogue) stimulation for 2 h
with [*Hlthymidine (1.0 wCi /well) followed by 10% tri-
chloroacetic acid precipitation, as described. [*H]Thymi-
dine incorporation into DNA was measured in a liquid
scintillation counter and normalized for cellular protein.
Aphidicolin (10 pwg/ml) was added to some wells to
establish the level of nonreplicative DNA synthesis. Hepa-
tocyte protein content was measured by a modified Lowry
procedure with bovine serum albumin as a standard (Lee
and Paxman, 1972). Data are expressed as dpm/h/mg
cellular protein.

2.4. Counting nuclei

The number of nuclei were counted utilizing a dlightly
modified version of the procedure described by Nakamura
et al. (1983). Briefly, primary cultured hepatocytes were
washed twice with 2 ml of Dulbecco’s phosphate-buffered
saline (pH 7.4), then exposed to 0.25 ml of 0.1 M citric
acid containing 0.1% Triton X-100 for 30 min at 37 °C.
An equa volume of the nuclear suspension was mixed
with 0.3% Trypan blue in Dulbecco’s phosphate-buffered
saline (pH 7.4) and the nuclei were counted in a hemocy-
tometer. This procedure was performed because the hepa-
tocytes firmly attached to the collagen-coated plastic cul-
ture dishes and were not sufficiently dispersed by 0.02%
EDTA-0.05% trypsin.

2.5. Immunoblot analysis

2.5.1. Measurement of EGF receptor tyrosine kinase activ-
ity

Tyrosine phosphorylation of the EGF receptor was iden-
tified by Western blotting analysis using anti-phospho-

tyrosine antibody. The phospho-EGF receptor (Tyr 1068)
antibody detects EGF receptor only when tyrosine 1068 in
the carboxyl-terminal region is phosphorylated. This anti-
body does not cross-react with other tyrosine-phosphory-
lated proteins (Rojas et al., 1996).

In brief, hepatocytes were cultured at the density of
3.3 10* cells/cm? in serum-containing Williams me-
dium E as described above. After changing to serum-free
Williams' medium E, hepatocytes were stimulated with
GLs for 3 min at 37 °C. After stimulation, the cells were
lysed with lysis buffer [20 mM Tris buffer (pH 7.5)
containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride]. Cell lysates were cen-
trifuged at 3000 X g, for 10 min at 4 °C in a microcentri-
fuge. The supernatant (30 g protein/lane) was resolved
by SDS/6% polyacrylamide gel electrophoresis (PAGE)
and transferred to a polyvinylidene difluoride (PVDF)
membrane at 4 °C. The filters were blocked with blocking
buffer [5% BSA in 20 mM Tris-buffered saline (pH 7.4),
0.1% Tween-20] for 3 h at 25 °C. Tyrosine phosphoryla
tion of the EGF receptor (Tyr 1068) was detected by
immunoblotting using a 1:1000 dilution of rabbit poly-
clonal phosphotyrosine-specific antibody at 4 °C for 15 h.
Blots were developed by enhanced chemiluminescence
following incubation with horseradish peroxidase (HRP)-
conjugated secondary anti-rabbit 1gG monoclonal antibody
(1:3000 dilution) for 1 h at 25 °C and exposure to X-ray
film according to the manufacturer’s instruction. The in-
tensity of the band corresponding to the phosphorylated
EGF receptor was quantified by densitometric analysis
using the NIH Image program version 1.61 for Macintosh.
The data were calculated in arbitrary units and expressed
as means + S.E.M.

2.5.2. Measurement of MAP kinase activity

Phosphorylated MAP kinase isoform, p42 MAP kinase
(ERK-2) and p44 MAP kinase (ERK-1), were identified by
Western blotting analysis using anti-phospho MAP kinase
antibody. In brief, cultured hepatocytes were washed with
ice-cold phosphate-buffered saline (pH 7.4) and then 0.2
ml of lysis buffer (10 mM Tris—HCI (pH 7.4) containing
150 mM NaCl, 2 mM EGTA, 2 mM dithiothreitol, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluo-
ride, 10 wg,/ml leupeptin, 10 g,/ ml aprotinin) was added,
then the hepatocytes were harvested. After centrifugation
at 16,000 X g for 30 min at 4 °C, the cell lysates were
denatured in boiling water for 5 min. Samples of the
supernatant (20 g of protein/lane) were subjected to
SDS-PAGE using a 10% polyacrylamide resolving gel by
the method of Laemmli (1970). After electrophoresis, pro-
teins were transferred to PVDF membranes at 4 °C.

For the detection of phosphorylated p42 MAP kinase
and p44 MAP kinases, the sheets were immersed in block-
ing buffer containing 5% skim milk, 20 mM Tris-buffered
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saline (pH 7.4), 0.1% Tween-20 for 3 h at 25 °C. Phospho-
rylation of p42 or p44 MAP kinase was detected by
protein immunoblotting using a 1:1000 dilution of rabbit
polyclonal dual phospho-specific antibodies. Blots were
developed by the enhanced chemiluminescence following
incubation with HRP-conjugated secondary anti-rabhbit 1gG
monoclonal antibody (1:3000 dilution) for 1 h at 25 °C
according to the manufacturer’s instructions. The intensity
of the band corresponding to phosphorylated MAP kinases
was quantified by densitometric analysis as described
above. The data were calculated in arbitrary units and
expressed as mean + S.E.M.

2.6. Materials

Glycyrrhizin and the following anal ogues were prepared
by Dr. H. Matsumoto at Research Laboratory of Minopha
gen Pharmaceutical (Kanagawa, Japan): 18-B-H-glycyr-
rhizin (GL-1, ammonium salt), 18-B-H-glycyrrhetinic acid
3-O-B3-p-monoglucuronide (GL-2, sodium salt), 18-B-H-
glycyrrhetinic acid (GL-3, sodium salt), 18-a-H-glycyr-
rhizin (GL-4, ammonium salt), 18-a-H-glycyrrhetinic acid
3-O-B-p-monoglucuronide (GL-5, potassium salt) and 18-
a-H-glycyrrhetinic acid (GL-6, potassium salt). The fol-
lowing reagents were obtained from Sigma (St. Louis,
MO, USA): dexamethasone, aprotinin, aphidicolin, glu-
cagon, forskolin, 8-bromo-cAMP, 24-dideoxyadenosine
(DDA), genistein and wortmannin. PD98059 (2'-amino-3-
methoxyflavone) was obtained from Calbiochem-Behring
(La Jolla, CA, USA). H-89 (N-[2-( p-bromocinnamyla-
mino)ethyl]-5-isoquinolinesulfonamide dihydrochloride)
was obtained from Biomol Research Laboratories,
(Plymouth Meeting, PA, USA). Rapamycin was obtained
from Research Biochemicals (Natick, MA, USA). Mono-
clonal antibodies against EGF and EGF receptors were
from Biomol Research Laboratories. Phospho-EGF recep-
tor (Tyr 1068) antibody and phospho-MAP kinase anti-
body were purchased from New England Biolabs (Beverly,
MA, USA). Chemiluminescence kit was purchased from
DuPont NEN (Boston, MA, USA). Williams medium E
and newborn calf serum were purchased from Flow Labo-
ratories (Irvine, Scotland). Collagenase (type I1) was ob-
tained from Worthington Biochemical (Freehold, NJ,
USA). [Methyl-*H]thymidine (20 Ci /mmol) was obtained
from DuPont-New England Nuclear. All other reagents
were of analytical grade. Phospho-EGF receptor (Tyr 1068)
antibody and phospho-MAP kinase antibody were pur-
chased from New England Biolabs. Chemiluminescence
kit was purchased from DuPont NEN.

2.7. Katistical analysis

Data are expressed as means+ S.E.M. and were ana-
lyzed using the unpaired Student’s t-test. P values below
0.05 were regarded as statistically significant.

3. Resaults

3.1. Time course associated with stimulation of hepatocyte
DNA synthesis and proaliferation induced by glycyrrhizin
and some analogues

We investigated the time course associated with the
effects of glycyrrhizin (GL-1) and analogues on DNA
synthesis and proliferation in primary cultures of adult rat
hepatocytesin the absence of the additional primary growth
factors, insulin and EGF. 18-B-H-glycyrrhizin (GL-1; 10~°
M), 18-B-H-glycyrrhetinic acid (GL-3; 10~ ' M), 18-a-H-
glycyrrhetinic acid (GL-6; 107 M) significantly induced
DNA synthesis (Fig. 2A). The DNA synthetic activity
induced by each agent was during the first 3.0 h, reached a
plateau at about 4 h and was sustained for a further 17 h.
In contrast, 18-a-H-glycyrrhetinic acid 3-O-3-p-monoglu-
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Fig. 2. Time course associated with stimulation of hepatocyte DNA
synthesis and proliferation induced by glycyrrhizin and analogues. Hepa-
tocytes at a density of 3.3x10* cells/cm? were plated and cultured in
Williams' medium E supplemented with 5% newborn calf serum and 0.1
nM dexamethasone for 3 h. After attachment for 3 h (zero time), the
medium was replaced with serum- and dexamethasone-free Williams
medium E with or without glycyrrhizin (GL-1; 10-% M) and the follow-
ing analogues (GL-2, 1078 M; GL-3, 10~7 M; GL-4, 10~ M; GL-5,
10% M; GL-6, 1078 M) and cells were cultured for various periods.
Hepatocyte DNA synthesis and proliferation were determined as de-
scribed in Section 2. Data are expressed as means+ S.E.M. of three
experiments. *P < 0.05, “ “P < 0.01 compared with the respective con-
trol (medium alone).
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curonide (GL-5; 1078 M) weskly stimulated hepatocyte
DNA synthesis, while 18-a-H-glycyrrhizin (GL-4; 10°°
M) and 18-B-H-glycyrrhetinic acid 3-O-B-p-mono-
glucuronide (GL-2; 10~® M) did not produce any such
effects. Hepatocyte proliferation induced by glycyrrhizin
and some analogues, as assessed by an increase in the
number of nuclei, significantly increased at about 3.5 h
(GL-1 and GL-3) and 4.0 h (GL-6) after the addition of
each agent, reached a plateau around 4 h and was sustained
for an additional 17 h (Fig. 2B). GL-5 weakly stimulated
hepatocyte proliferation, whereas GL-2 and GL-4 had no
effect.

3.2. Dose-dependent effects of glycyrrhizin and analogues
on hepatocyte DNA synthesis and proliferation

We investigated the dose-dependent relationship be-
tween glycyrrhizin (GL-1) and analogues GL-2—-GL-6 on
hepatocyte DNA synthesis and proliferation at 4 h of
culture. Fig. 3A shows that GL-1, GL-3 and GL-6 dose
dependently stimulated hepatocyte DNA synthesis. The
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Fig. 3. Dose-dependent effects of glycyrrhizin and analogues on hepato-
cyte DNA synthesis and proliferation. Hepatocytes at a density of 3.3X
10* cells/cm? were plated and cultured as described in the legend to Fig.
2. After attachment for 3 h (zero time), the medium was replaced with
serum- and dexamethasone-free Williams' medium E with or without
various concentrations of glycyrrhizin (GL-1) and analogues GL-2—GL-6,
then cells were cultured for 4 h. Hepatocyte DNA synthesis and prolifera-
tion were determined as described in Section 2. Data are expressed as
means+ S.E.M. of three experiments. “P < 0.05, * P < 0.01 compared
with respective control (medium alone).

maximal effective concentrations of GL-1, GL-3 and GL-
6were 20X 1077, 65X 1078 and 1.0 X 107° M, respec-
tively. The maximal DNA synthetic activities of the cul-
tured hepatocytes induced by GL-1 and GL-3 were 5.5-fold
higher than control values; those induced by GL-6 were
4.5fold higher than controls (Fig. 3A). The estimated
half-maximal effective concentrations (EDg,) of GL-1,
GL-3 and GL-6 required to induce hepatocyte DNA syn-
thesis were 4.4 x 1078, 52x10°° and 55X 1078 M,
respectively. GL-5 weakly stimulated hepatocyte DNA
synthesis with an ED, value of 6.5 X 1078 M. GL-2 and
GL-4 induced no significant DNA synthesis within a con-
centration range of 1071°-107® M. Thus, among the
compounds tested, GL-3 was the most potent, followed by
GL-1, GL-6 and GL-5.

Fig. 3B shows a dose-related increase in the number of
nuclei (i.e., proliferation) induced by glycyrrhizin (GL-1)
and the analogues, GL-2—GL-6. The maximal proliferating
activities of the cultured hepatocytes induced by GL-1 and
GL-3 were 1.2-fold higher than the control values and
those induced by GL-6 were 1.15-fold higher than the
control. The maximal effective concentrations of GL-1 and
GL-3 and GL-6were approximately 2.0 x 10~7, 6.5X
107% and 1.0 X 10~° M, respectively. The estimated EDq,
of GL-1, GL-3 and GL-6 required to induce hepatocyte
proliferation was 4.4 X 1078, 45x107° and 6.0 x 10°8
M, respectively. GL-5 induced weak hepatocyte prolifera
tive activity, while GL-2 and GL-4 did not. Therefore, the
relative magnitude of the proliferating effects of each
compound largely corresponded to their activities as stimu-
lators of DNA synthesis.

3.3. Influence of cell density on hepatocyte DNA synthesis
and proliferation induced by glycyrrhizin and some ana-
logues

We examined whether or not the proliferative effects of
glycyrrhizin (GL-1) and of GL-3, GL-5 and GL-6 are
affected by initial plating densities. Hepatocyte DNA syn-
thesis and proliferation induced by these agents was mea-
sured at 4 h of culture. Fig. 4A shows that hepatocyte
DNA synthesis induced by GL-1, GL-3, GL-5 and GL-6
significantly increased with increasing initial plating densi-
ties (1.0-3.3 X 10* cells/cm?), reaching a maximal value
at a cell density of 3.3 x 10* cells/cm?. The growth-pro-
moting effects of these agents were inhibited significantly
at higher initial plating densities (7 x 10* and 10 x 10*
cells/cm?). In general, the correlation between the ability
of these agents to stimulate DNA synthesis and to increase
the number of nuclei (proliferation) at various cell densi-
ties was close (Fig. 4A and B). The apparent cell density-
dependent nature of GL-1 and its analogues at high initial
plating densities is similar to that of epiderma growth
factor (EGF) (Kimura and Ogihara, 1997a), hepatocyte
growth factor (HGF) (Kimura and Ogihara, 1997¢) and
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Fig. 4. Influence of cell density on hepatocyte DNA synthesis and
proliferation induced by glycyrrhizin and analogues. Hepatocytes at vari-
ous plating densities (1.0x 104~1.0x 10° cells/cm?) were cultured as
described in the legend to Fig. 2. After attachment for 3 h (zero time), the
medium was rapidly replaced with serum- and dexamethasone-free
Williams medium E with or without glycyrrhizin (GL-1, 10~ M) and
analogues (GL-3, 1077 M; GL-5, 1078 M; GL-6, 10~ ® M) and cells
were cultured for 4 h. Hepatocyte DNA synthesis and proliferation were
determined as described in Section 2. Data are expressed as means+
SE.M. of three experiments. “P <0.05, *“P <0.01 compared with
respective control (medium alone).

insulin-like growth factor-1 (IGF-1) (Kimura and Ogihara,
1998).

3.4. Effects of cAMP-elevating agents, specific inhibitors
of adenylate cyclase and protein kinase A on hepatocyte
DNA synthesis and proliferation induced by glycyrrhizin
and analogues

To characterize the involvement of the adenylate cy-
clase/protein kinase A system in the signal transduction of
the glycyrrhizin (GL-1) and some analogue (GL-3 and
GL-6)-induced hepatocyte DNA synthesis and prolifera-
tion, we investigated the effects of a direct inhibitor of
adenylate cyclase 2,4-dideoxyadenosine (Holgate et 4.,
1980) and a specific protein kinase A inhibitor H-89
(Zusick et al., 1994) on these responses at 4 h of culture.
Fig. 5A and B show that these inhibitors aone did not
significantly affect hepatocyte mitogenesis. Incubating

hepatocytes with either 107 M 2,4-dideoxyadenosine or
10~7 M H-89 did not significantly inhibit the hepatocyte
DNA synthesis and proliferation induced by GL-1, GL-3
and GL-6. Therefore, activation of the adenylate cyclase/
cAMP/protein kinase A pathway is not involved per sein
the induction of hepatocyte mitogenesis stimulated by
GL-1, GL-3 and GL-6.

We investigated the effects of cAMP-elevating agents
on GL-1 and derivative-induced hepatocyte DNA synthesis
and proliferation. These stimulators of the cAMP pathway
(i.e., 1077 M glucagon, 10~ M forskolinand 107 M 8-
bromo-cAMP), which have different mechanisms of ac-
tion did not significantly induce hepatocyte mitogenesis.
However, when combined, hepatocyte DNA synthesis and
proliferation induced by GL-1, GL-3 and GL-6 were po-
tentiated by these cAMP-elevating agents. These phar-
macological findings indicated that the cAMP modulation
of GL-1, GL-3 and GL-6-induced hepatocyte mitogenesis
was very similar to that of EGF (Kimura and Ogihara,
1997a).
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Fig. 5. Effects of cAMP-elevating agents, specific inhibitors of adenylate
cyclase and a protein kinase A on hepatocyte DNA synthesis and
proliferation induced by glycyrrhizin and analogues. Hepatocytes were
plated at a density of 3.3x 10* cells/cm?. After attachment for 3 h, the
medium was changed and the cells were further cultured for 4 h with
glycyrrhizin (GL-1, 10~® M) and analogues (GL-3, 1077 M; GL-6, 10~ ¢
M) alone or with glucagon, 10~ M; forskolin, 10~ M; 8-bromo-cAMP,
10~7 M; 2, 4-dideoxyadenosine (DDA), 10~¢ M or H-89, 10~ 7 M. Data
are expressed as means+ S.E.M. of three experiments. Values signifi-
cantly different from respective GL alone are indicated by *P < 0.05,
P <0.0L
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3.5. Effects of a monoclonal antibody against EGF recep-
tors on hepatocyte DNA synthesis and proliferation in-
duced by glycyrrhizin and its analogues

Although the pharmacological profiles of GL-1, GL-3
and GL-6 on hepatocyte DNA synthesis and proliferation
were very similar to those of EGF, the exact mechanism of
how GL-1, GL-3 and GL-6 induces hepatocyte DNA
synthesis and proliferation remained to be determined. We
postulated that the action of these agents is mediated
through binding to hepatocyte EGF receptors, which stimu-
late DNA synthesis and proliferation. To investigate this
notion, we examined the effects of monoclonal antibodies
against EGF receptor and EGF on glycyrrhizin and ana-
logue-induced hepatocyte DNA synthesis and proliferation.
Fig. 6A and B show that GL-1, GL-3 and GL-6-induced
hepatocyte DNA synthesis and proliferation were inhibited
dose-dependently by an anti-EGF receptor monoclonal an-
tibody (1-100 ng/ml). On the other hand, neutralizing
monoclonal antibodies against EGF (1-100 ng/ml) did
not abolish the growth-promoting effects of GL-1, GL-3
and GL-6.

To investigate the specificity of each antibody, we
compared MAP kinase responses to GLs or EGF in the
absence or presence of the antibodies in primary cultured
hepatocytes. The results showed that 107 M GL-1, 10~/
M GL-3 and 10" M GL-6 significantly stimulated phos-
phorylation of p42 MAP kinase, but not of p44 MAP
kinase, 5 min after the addition of active GLs (Fig. 6C).
The effects of active GLs were completely abrogated by
the treatment with monoclonal anti-EGF receptor antibody,
but not with monoclonal anti-EGF antibody. In contrast,
5-min exposure to 107® M GL-2 and 10°® M GL-4 did
not cause a significant increase in phosphorylation of p42
and p44 MAP kinases (data not shown). As a positive
control, EGF (20 ng/ml) also increased the phosphoryla-
tion of p42 MAP kinase significantly, but not that of p44
MAP kinase. The effects of EGF on the phosphorylation of
p42 MAP kinase were ailmost completely inhibited by the
treatment with anti-EGF receptor antibody as well as
anti-EGF antibody (Fig. 6C).

3.6. Effects of specific inhibitors of growth-related signal
transducers on DNA synthesis and proliferation induced
by glycyrrhizin and analogues

We investigated whether or not the mitogenic responses
of primary cultured hepatocytes to glycyrrhizin (GL-1),
GL-3 and GL-6 are mediated by signal transducers, such
as receptor tyrosine kinase, phosphatidylinositol 3-kinase,
mitogen-activated protein (MAP) kinase kinase and p70
S6K by using their corresponding specific inhibitors,
genistein (Akiyama et al., 1987), wortmannin (Baggiolini
et a., 1987), PD98059 (Aless et al., 1995) and rapamycin
(Chung et a., 1992; Price et a., 1992). Fig. 7A and B
show that the hepatocyte DNA synthesis and proliferation
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Fig. 6. Effects of monoclonal anti-EGF receptor antibody and of anti-EGF
antibody on hepatocyte DNA synthesis, proliferation and MAP kinase
activity induced by glycyrrhizin and analogues. Hepatocytes at a density
of 3.3x10* cells/cm? were plated and cultured as described in the
legend of Fig. 2. After attachment for 3 h (zero time), the medium was
replaced with serum- and dexamethasone-free Williams' medium E with
EGF (20 ng/ml), glycyrrhizin (GL-1; 10~® M) and analogues (GL-3;
1077 M, and GL-6; 10~ ® M) with or without various concentrations of a
monoclonal anti-EGF receptor (mAb EGF-R; 1-100 ng/ml) or anti-EGF
antibody (mAb EGF; 1-100 ng/ml), and the cells were cultured for 4 h.
Hepatocyte DNA synthesis (A) and proliferation (B) were determined as
described in Section 2. Data are expressed as means+ S.E.M. of three
experiments. “P < 0.05, “ “P < 0.01 compared with the respective GL
alone. (C) Hepatocytes were seeded and cultured as described in the
legend of Fig. 2. After changing the medium, the cells were treated with
the indicated agonists (10°% M GLs or 20 ng/ml EGF) for 5 min in the
absence or presence of the antibodies and lysed. Cell lysates were
centrifuged and the supernatant was resolved in SDS/10% PAGE (20
wg/lane). Protein was transferred to a PVDF membrane and immuno-
blotted with an anti-phospho-MAP kinase antibody and the blot was
probed using horseradish peroxidase (HRP)-conjugated secondary anti-
body as described in Section 2. A typical Western blot image is indicated.
Molecular weight markers are indicated on the left.

induced by GL-1, GL-3 and GL-6 were almost completely
blocked by 5x 10~ M genistein, 10~ M PD98059 and
10 ng/ml rapamycin. In contrast, 10~7 M wortmannin did
not affect significantly the hepatocyte growth response
induced by GL-1, GL-3 and GL-6. The specific inhibitors
of signal transducers alone did not significantly affect
hepatocyte DNA synthesis and proliferation.
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Fig. 7. Effects of specific inhibitors of growth-related signal transducers
on DNA synthesis and proliferation induced by glycyrrhizin and ana-
logues. Hepatocytes were plated at a density of 3.3x 10 cells/cm?. After
attachment for 3 h, the medium was changed and cells were further
cultured for 4 h with glycyrrhizin (GL-1) and analogues (GL-3 and GL-6)
aone or with genistein, 5x10~% M; wortmannin, 107 M; PD98059,
107® M or rapamycin, 10 ng/ml; EGF (20 ng/ml) alone or EGF (20
ng/ml) with wortmannin (10~7 M); insulin (10~7 M) alone or insulin
(10~7 M) with wortmannin (10~7 M). Data are expressed as means+
S.E.M. of three experiments. Values significantly different from respec-
tive GL aone are indicated by “P < 0.05, * “P < 0.01.
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3.7. Phosphorylation of EGF receptor and p42 MAP ki-
nase by glycyrrhizin and its active analogues

To test directly the notion that GL-1 and some ana
logues act via the EGF receptor, we compared EGF recep-
tor tyrosine kinase responses to GLs or EGF in primary
cultured hepatocytes. Exposureto 107 M GL-1, 107" M
GL-3 and 107 ® M GL-6 significantly increased phospho-
rylation of the EGF receptor (Tyr 1068) at 1 min (data not
shown) and reached a peak value after 3 min. When
hepatocytes were stimulated with GL-1 and GL-3 for 3
min, an approximately 2-fold increase in EGF receptor
phosphorylation was observed (Fig. 8A). Treatment with
107® M GL-5 for 3 min gave a smaller increase in EGF
receptor tyrosine phosphorylation. The response then de-
clined to the basal level within 10 min (data not shown). In
contrast, there was no detectable tyrosine phosphorylation
of the EGF receptor (Tyr 1068) after exposure to 1075 M
GL-2 and 10°® M GL-4 for 3 min (Fig. 8A). EGF (20
ng/ml) also increased tyrosine phosphorylation of the
EGF receptor (Tyr 1068), as expected. Active GL- or
EGF-stimulated phosphorylation of EGF receptor was al-

most completely inhibited by the receptor tyrosine kinase
inhibitor, genistein (5 10°® M), a concentration that
completely inhibited the GL- or EGF-stimulated hepato-
cyte mitogenesis (Fig. 7A and B). These findings demon-
strate that GL binding to the EGF receptor resulted in EGF
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Fig. 8. Phosphorylation of EGF receptor and p42 MAP kinase by GL-1
and its active analogues. (A) Hepatocytes were seeded and cultured as
described in the legend of Fig. 2. After changing the medium, the cells
were treated with the indicated agonists for 1 or 3 min and lysed.
Genistein (5x 1078 M) was added 5 min before the medium change and
GLs (1078 M) or EGF (20 ng/ml) was added after the medium change
for afurther 3 min. Cell lysates were centrifuged and the supernatant was
resolved in SDS/6% PAGE (30 p.g/lane). Protein was transferred to a
PVDF membrane and immunoblotted with a phospho-EGF receptor (Tyr
1068) antibody and the blot was probed using HRP-conjugated secondary
antibody as described in Section 2. A typical Western blot image is
indicated on the top of the figure. A molecular weight marker is indicated
on the left. Results are expressed as a percentage of the respective control
value (mean+ S.E.M. of three experiments). (B) Hepatocytes were seeded
and cultured as described in the legend of Fig. 2. After changing the
medium, the cells were treated with the indicated agonists for 3 or 5 min
and lysed. PD98059 (10-® M) was added 5 min before the medium
change and GLs (10°® M) or EGF (20 ng/ml) was added after the
medium change for a further 5 min. Phosphorylation of MAP kinases by
EGF, GL-1, and its analogues was determined as described in the Section
2. Typica Western blot images are indicated on the top of the figure.
Molecular weight markers are indicated on the |eft of each figure. Results
are expressed as a percentage of the respective control value (mean+
S.E.M. of three experiments).
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receptor phosphorylation (Tyr 1068) and subsequent stimu-
lation of hepatocyte DNA synthesis and proliferation.

To examine whether GL-1 and some analogues act via
MAP kinase molecules, we compared MAP kinase re-
sponses to GLs or EGF in primary cultured hepatocytes.
The results showed that 107 M GL-1, 10-7 M GL-3 and
107% M GL-6 significantly stimulated phosphorylation of
p42 MAP kinase, but not of p44 MAP kinase 3 min after
the addition of active GL (data not shown) and reached a
peak value after 5 min. When hepatocytes were stimulated
with active GLs for 5 min, 2.5- to 3.0-fold increases in
phosphorylation of p42 MAP kinase were observed (Fig.
8B). Treatment with 1076 M GL-5 for 5 min yielded a
smaller increase in the phosphorylation of p42 MAP ki-
nase. Next, phosphorylation of p42 MAP kinase declined
to the basal value 10 min after the addition of active GL
(data not shown). As a positive control, EGF (20 ng/ml)
also increased the phosphorylation of p42 MAP kinase
significantly, but not that of p44 MAP kinase. In contrast,
5-min exposure to 10°® M GL-2 and 107% M GL-4, did
not cause a significant increase in phosphorylation of p42
and p44 MAP kinase (data not shown). The GL- or
EGF-stimulated p42 MAP kinase activation was com-
pletely blocked by 5x 10°® M PD98059, a concentra-
tion that completely inhibited the GL or EGF activation
of hepatocyte DNA synthesis and proliferation (Fig. 7A
and B).

4, Discussion

Figs. 2 and 3 show that glycyrrhizin (GL-1), the ana-
logues, GL-3 and GL-6 and to a lesser extent GL-5, aone
stimulated hepatocyte DNA synthesis and proliferation in
the absence of exogenous primary growth factors. We,
therefore, investigated structure—activity relationships to
exploit more valuable therapeutic agents. We removed
glucuronic acid or changed the configuration of the hydro-
gen atoms at C-18 in the parent compound, GL-1. The
study of the structure—activity relationships showed that
replacing the B-hydrogen at the 18-position of the 18-3-
H-oleanane-type structure in glycyrrhizin by «-hydrogen
(cf. GL-1 vs. GL-4) negated the ahility to cause hepatocyte
DNA synthesis and proliferation. Accordingly, it appears
that the stereospecificity of hydrogen atom at C-18 posi-
tion is essential for the potent stimulation of hepatocyte
mitogenesis. When one glucuronic acid was removed from
a sugar moiety of GL-1 or GL-3 (cf. GL-2 vs. GL-4), the
growth-promoting activity of both 18-a-H- and 18-3-H-
type monoglycosides was amost completely lost. Thus,
the stereospecificity of the sugar moiety also seemed es-
sential for the potent stimulation of hepatocyte mitogene-
sis. When two glucuronic acid molecules were removed
from a sugar moiety of GL-1 or GL-4 (cf. GL-3 vs. GL-6),
analysis of the ED,, showed that GL-3 was more potent
than GL-6 as a hepatocyte growth stimulator. In addition,

the maximal stimulation produced by GL-3 is significantly
higher than GL-6. Thus, it appeared that both the stere-
ospecificity of aglycone and the sugar moiety of the parent
compound (GL-1) are essential for the potent stimulation
of hepatocyte mitogenesis.

Fig. 3A and B show that GL-1, GL-3 and GL-6 induced
hepatocyte DNA synthesis and proliferation in a dose-de-
pendent manner at concentration ranges of 10°° M-10"°
M. The amounts of these substances bound to the liver
have been evaluated in guinea pigs after the i.v. adminis-
tration of glycyrrhizin (Yamamura et al., 1997). Gly-
cyrrhizin and glycyrrhetinic acid 3-O-monoglucuronide
were detected at concentrations of 1.3—31.8 ng/g of liver,
but glycyrrhetinic acid was undetectable (Sato et al., 1996).
Sato et al. showed that the threshold plasma glycyrrhizin
concentration for a sufficient therapeutic effect is near 5
pwg/ml (i.e., 5x 107% M) in patients with chronic hepati-
tisand in chronically CCl ,-intoxicated rats. We found that
when GL-1, GL-3 and GL-6 reached about 5 10" ® M in
primary cultures of adult rat hepatocytes, hepatocyte DNA
synthesis and proliferation were maximally induced.

The growth-promoting effects of GL-1, GL-3 and GL-6
were cell density-dependent (Fig. 4A and B). The cell
density-dependent nature of GL-1 and the active deriva
tives was similar to that of EGF (Kimura and Ogihara,
1997a). In addition, we showed that cAM P-elevating agents
potentiate EGF-induced DNA synthesis and proliferation
in primary cultures of adult rat hepatocytes (Kimura and
Ogihara, 1997a). In the present study, we investigated
whether or not agents that affect cellular cCAMP levels can
modulate the hepatocyte DNA synthesis and proliferation
induced by GL-1, GL-3 and GL-6. Fig. 5A and B show
that the growth-promoting effects of GL-1, GL-3 and GL-6
were not mediated directly by an increase in either adeny-
late cyclase activity or protein kinase A activity, since
2,4-dideoxyadenosine (a direct inhibitor of adenylate cy-
clase) and H-89 (a direct inhibitor of protein kinase A) did
not affect the mitogenic effects of glycyrrhizin and their
analogues. On the other hand, when combined with GL-1,
GL-3 and GL-6, cAMP-elevating agents such as glucagon,
forskolin and 8-bromo-cAMP potentiated hepatocyte
growth induced by glycyrrhizin and its analogues, although
cAMP-elevating agents on their own had no effect on
hepatocyte DNA synthesis and proliferation (Fig. 5A and
B). These results suggest that stimulators of the cAMP
pathway cross-talk with the glycyrrhizin-signaling path-
way. Taken together, these pharmacological findings con-
firmed that the cAMP modulation of GL-1, GL-3 and
GL-6-induced hepatocyte mitogenesis was similar to that
of EGF (Kimura and Ogihara, 1997a). Therefore, we
postulated that the mitogenic action of glycyrrhizin and its
analogues is mediated through EGF receptors. This notion
was supported by our results indicating that GL-1, GL-3
and GL-6 can function as EGF receptor agonists, as anti-
EGF receptor antibody is exerting inhibitory effects (Fig.
6A and B). The EGF receptor mediation of GL-1, GL-3
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and GL-6 action and their modulation by cAMP-elevating
agents may promote liver regeneration (hepatoprotective
action) and may be applied in the treatment of acute or
chronic hepatitis in vivo.

The intracellular mediation of cell proliferation occurs
mainly through the inositol 1,4,5-trisphosphate/Ca?*
(Berridge, 1993) and tyrosine kinase pathways (Ullrich and
Schlessinger, 1990; Davis, 1993). We revealed an EGF-
signaling system in an earlier study, using pharmacological
manipulation of signa transduction to identify pathways
that activate EGF-induced hepatocyte DNA synthesis and
proliferation. The present study also investigated whether
or not the mitogenic responses of cultured hepatocytes to
GL-1, GL-3 and GL-6 are mediated by signal transducers,
such as receptor tyrosine kinase, phosphatidylinositol 3-
kinase, MAP kinase kinase and p70 S6K using correspond-
ing specific inhibitors of the signal transducers. Fig. 7A
and B show that genistein, PD98059 and rapamycin inhib-
ited GL-1-, GL-3- and GL-6-induced hepatocyte growth by
interfering with corresponding signal transducers that me-
diate the transduction of the mitogenic signals. These
results suggest that tyrosine kinase, MAP kinase kinase
and p70 S6K mediate the growth-related signal transduc-
tion induced by GL-1, GL-3 and GL-6. In contrast, Fig.
7A and B showed that active GL- or EGF-stimulated
hepatocyte DNA synthesis and proliferation are not inhib-
ited by 10~ M wortmannin, a concentration that com-
pletely inhibits insulin activation of hepatocyte DNA
synthesis and proliferation. Therefore, phosphatidylinosi-
tol-3-kinase activity may not be an intermediate in the
active GL- or EGF-induced DNA synthesis and prolifera-
tion in primary cultures of adult rat hepatocytes.

In many cells, mitogenic signaling stimulated by growth
factors such as EGF, requires the intrinsic tyrosine kinase
activity of its transmembrane receptors. Several autophos-
phorylation sites have been identified in the carboxyl-
terminal region of the EGF receptor. Phosphotyrosine 1068
of activated EGF receptor (170-kDa protein) is a direct
binding site for the Grb2, SH2 domain (Rojas et al., 1996).
The signal transduction pathways by which the receptor
tyrosine kinase activate extracellular signal-regulated ki-
nase (ERK) subfamily of MAP kinase are well established
(Ullrich and Schlessinger, 1990; Davis, 1993).

However, it is unclear whether the intrinsic tyrosine
kinase activity of the EGF receptor is directly involved in
GL-induced hepatocyte DNA synthesis and proliferation.
To evaluate the role of tyrosine kinase activity of the EGF
receptor in GL-stimulated hepatocyte mitogenesis, we ex-
amined the effects of GLs or EGF on phosphorylation of
the carboxyl-terminal region of the EGF receptor (tyrosine
1068). The results in Fig. 8A showed that GL-1, GL-3 and
GL-6, but not GL-2 and GL-4, increased tyrosine phospho-
rylation of the EGF receptor. Three-minute GL treatment
was sufficient to trigger tyrosine phosphorylation of the
EGF receptor in primary cultured hepatocytes (Fig. 8A).
These results demonstrate that activation of the EGF recep-

tor tyrosine kinase by GL-1 and its active analogues was
involved in the induction of hepatocyte DNA synthesis and
proliferation.

In addition, immunoblotting analysis directly demon-
strated that active GLs or EGF stimulated phosphorylation
of p42 MAP kinase (Fig. 8B), but not of p44 MAP kinase
(data not shown). The GL- or EGF-stimulated p42 MAP
kinase activation was completely blocked by 10°® M
PD98059, a concentration that completely inhibited the GL
or EGF activation of hepatocyte mitogenesis. These results
indicate that activation of p42 MAP kinase is involved in
the GL or hepatocyte DNA synthesis and proliferation. To
study further the role of EGF receptor tyrosine kinase in
the GL- or EGF-mediated p42 MAP kinase pathway, we
examined the effects of genistein on the p42 MAP kinase
activity stimulated by GLs or EGF. Inhibition of EGF
receptor tyrosine kinase activity by genistein (5% 10°°
M) completely abolished the GL- or EGF-induced p42
MAP kinase activation (data not shown). These results
support the notion that GL-1 and its active analogues act
on EGF receptors with tyrosine kinase activity to prolifer-
ate these cells, through an EGF receptor tyrosine kinase-
dependent activation of p42 MAP kinase.

In conclusion, the mitogenic effects of glycyrrhizin
(GL-1) and the analogues, GL-3 and GL-6 were mediated
through activation of EGF receptors. These mitogens sub-
sequently stimulated tyrosine kinase/MAP kinase path-
ways to produce hepatocyte DNA synthesis and prolifera
tion in vitro. In addition, cAMP-elevating agents (e.g.,
8-bromo-cAMP, forskolin and glucagon) potentiated the
growth-promoting effects of glycyrrhizin and its active
analogues. Since a significant increase in the intracellular
CAMP levels is involved in the regenerating rat liver
(Tsujii et al., 1993), GL-1, GL-3 and GL-6 could promote
liver regeneration in acute or chronic hepatitis, as well as
liver cirrhosis by these novel mechanisms of action in vivo
independently of their anti-inflammatory effects.
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