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The co-mitogenic effects of the α1-adrenoceptor agonist phenylephrine on S-allyl-L-cysteine (SAC)-
induced hepatocyte proliferation were examined in primary cultures of adult rat hepatocytes. The combina-
tion of phenylephrine (10−10–10−6 M) and SAC (10−6 M) exhibited a significant dose-dependent increase in the 
number of hepatocyte nuclei and viable cells compared to SAC alone. This combination also increased the 
progression of hepatocyte nuclei into the S-phase. The potentiating effect of phenylephrine on SAC-induced 
cell proliferation was counteracted by prazosin (an α1-adrenergic receptor antagonist) and GF109203X (selec-
tive protein kinase C (PKC) inhibitor). In addition, PMA (direct PKC activator) potentiated the proliferative 
effects of SAC similarly to phenylephrine. In essence, these findings suggest that PKC activity plays a crucial 
role in enhancing SAC-induced cell proliferation. Moreover, the effects of phenylephrine on SAC-induced 
Ras activity, Raf phosphorylation, and extracellular signal-regulated kinase 2 (ERK2) phosphorylation were 
investigated. Phenylephrine (or PMA) in combination with SAC did not augment Ras activity, but further 
increased ERK2 phosphorylation and its upstream B-Raf phosphorylation. These results indicate that PKC 
activation, triggered by stimulating adrenergic α1 receptors, further amplifies SAC-induced cell proliferation 
through enhanced ERK2 phosphorylation via increased B-Raf-specific phosphorylation in primary cultured 
hepatocytes.

Key words S-allyl-L-cysteine (SAC), cell proliferation, α1-adrenergic agonist, B-Raf, protein kinase C (PKC), 
cross-talk

INTRODUCTION

The liver, recognized as a central metabolic organ, is be-
lieved to perform approximately 500 functions, including 
plasma protein synthesis, lipid synthesis, glycogenolysis, and 
detoxification. Liver regeneration is among the numerous 
functions attributed to the liver. The regenerative mechanisms 
of the liver are typically dormant, but they become activated 
by surgical resection or injury resulting from viral infection, 
initiating the proliferation of undamaged hepatocytes.1) Liver 
regeneration is fueled by diverse growth factors (i.e., direct 
mitogens), including epidermal growth factor (EGF), hepa-
tocyte growth factor (HGF), and insulin-like growth factor 
type-I (IGF-I). In addition, regeneration-promoting factors 
induced by liver regeneration involve not only cytokines and 
growth factors, but also hormones such as adrenaline and glu-
cagon.2) Adrenaline was found to act as a co-mitogen, unable 
to stimulate hepatocyte proliferation on its own.3)

In liver regeneration, α1- and β2-adrenergic receptors may 
play an important role in hepatocyte proliferation. Previous 
studies have shown increased plasma catecholamine levels and 
increased expressions of α1- and β2-adrenergic receptors in 
hepatocytes of partially hepatectomized rats, and antagonists 
of these receptors (e.g., prazosin or propranolol) have been 

shown to suppress DNA synthesis.4,5) It has been reported 
that α1-adrenergic receptors activated by norepinephrine (nor-
adrenaline) suppress EGF receptor transamidation through 
interaction with transglutaminase 2, which upregulates EGF 
receptors and promotes the proliferation of perivenous hepato-
cytes.6,7) It has also been reported that primary rat hepatocytes 
isolated after partial hepatectomy increase DNA synthesis 
when treated with isoproterenol, a β-adrenergic receptor ago-
nist, in combination with EGF or insulin, suggesting that not 
only α-adrenergic receptors, but also β-adrenergic receptors 
have a significant effect on promoting hepatocyte proliferation 
by co-mitogens in liver regeneration.3,6,8)

Moreover, we demonstrated that the α1-adrenergic agonist 
phenylephrine or the protein kinase C (PKC) activator 12-O-
tetradcanoylphorbol-13-acetate (TPA), which had no prolif-
erative effects alone, enhanced IGF-I-induced cell proliferation 
and DNA synthesis in cultured hepatocytes.9) However, which 
intracellular factors in the hepatocyte proliferation signal by 
IGF-I are targeted by PKCs activated by α1-adrenergic ago-
nists remains unclear.

S-Allyl-L-cysteine (SAC) is a sulfur-containing amino acid 
whose content increases significantly during the ripening 
process of garlic. It is used as a health supplement due to its 
preventive effects against hypertension, hypercholesterolemia, 

https://doi.org/10.1248/bpb.b24-00157

https://creativecommons.org/licenses/by-nc/4.0/


1566

Biol. Pharm. Bull. Vol. 47, No. 9 (2024)

and cancer, attributed to its antioxidant action.10–12) Previously, 
we demonstrated that SAC increases IGF-I gene expression in 
partially hepatectomized rats, thereby promoting hepatocyte 
DNA synthesis and facilitating the early recovery of liver 
function.13) Furthermore, we investigated the detailed intracel-
lular signal transduction mechanism of SAC using primary 
cultures of adult rat hepatocytes. We demonstrated that SAC 
induced IGF-I secretion through the Janus kinase 2 (JAK2)/
phospholipase C (PLC)/Ca2+ pathway in cultured hepato-
cytes.14) The IGF-I secreted by SAC promoted cell prolifera-
tion by activating the IGF-I receptor tyrosine kinase (RTK)/
phosphoinositide 3-kinase (PI3K)/mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase (ERK) 
kinase (MEK)/extracellular signal-related kinase 2 (ERK2)/
mammalian target of rapamycin (mTOR) pathway.14,15)

In this study, the specific focus was on the α-adrenergic 
receptor signaling pathway, with the aim of investigating the 
co-mitogenic effects of an α-adrenergic agonist and intracel-
lular signaling pathways of SAC-induced hepatocyte prolifera-
tion in primary cultures of adult rat hepatocytes. To achieve 
this, the number of nuclei in hepatocytes (as a cell prolifera-
tion index), the percentage of S-phase in the cell cycle, ERK2 
and Raf phosphorylation activity, and Ras activity with the 
administration of the combination of SAC with phenylephrine 
or a PKC activator, along with specific signaling factor inhibi-
tors, were measured. Based on the results obtained, the aim 
was to identify the interaction point (i.e., site of convergence) 
between the proliferation signaling pathway triggered by SAC 
and the α1-adrenergic signaling pathway.

MATERIALS AND METHODS

Animals  Male Wistar rats (7–10 weeks old) were obtained 
from Sankyo Labo Service Corp. (Tokyo, Japan). During 
the pre-experimental acclimatization period of 5 d, the rats 
had unrestricted access to food and water. All rat handling 
procedures in this study followed the Guidelines for the Care 
and Use of Laboratory Animals of Josai University (No. JU 
23028).

Isolation and Culture of Hepatocytes  Hepatocytes were 
isolated and purified from rats through two-step in situ col-
lagenase perfusion.16) In brief, under sodium pentobarbital 
anesthesia (45 mg/kg, intraperitoneally (i.p.)), portal vein can-
nulation was performed. The liver was then perfused with 
Ca2+-free Hanks buffer at 37 °C for 10 min. Subsequently, 
the perfusion buffer was switched to a solution containing 
0.058 U/L collagenase Type II (Worthington Biochemical 
Corp., Freehold, NJ, U.S.A.) and 0.75 mg/mL CaCl2, and 
the liver was perfused for 11 min. The isolated hepatocytes 
were confirmed to exhibit more than 96% cell viability using 
trypan blue exclusion. Hepatocytes were cultured for 3 h in 
Williams’ medium E containing 0.1 nM dexamethasone and 
5% newborn bovine serum. The seeding density was set at 
3.3 × 104 cells/cm2. Following a 3-h attachment period, the 
culture medium was replaced with a serum-free medium con-
taining a variety of reagents. The hepatocytes were treated 
with SAC (Tokyo Chemical Industry Co., Tokyo, Japan), 
as well as inhibitors or activators of growth-related signal 
transduction factors. The growth-related signal transduction 
inhibitors, activators, or antagonists used included phenyleph-
rine, prazosin (α1-adrenergic receptor antagonist),17) TG101209 

(selective JAK2 inhibitor),18) U-73122 (selective PLC inhibi-
tor),19) phorbol 12-myristate 13-acetate (PMA) (selective PKC 
activator),20) GF109203X (selective PKC inhibitor),21) AG538 
(selective IGF-I receptor tyrosine kinase inhibitor),22) PD98059 
(selective MEK inhibitor),23) and rapamycin (selective mTOR 
inhibitor),24) all obtained from Sigma-Aldrich Co. (St. Louis, 
MO, U.S.A.).

Hepatocyte Proliferation Assay  The α1-adrenergic ago-
nist enhancing effect on the SAC-induced cell proliferation 
promoting effect was evaluated by measuring the numbers of 
hepatocyte nuclei and of viable hepatocytes. In addition, the 
number of hepatocytes was measured under a microscope.

Hepatocyte nuclear number was determined using a slightly 
modified version of Nakamura’s method.25) Briefly, hepatocyte 
nuclei were isolated using a solution of 0.1% Triton X-100 
containing 0.1 M citric acid. These isolated nuclei were then 
stained with 0.3% trypan blue, and the resulting nuclei were 
counted using a hemocytometer.

The number of living hepatocytes was measured by a 
fluorescence method using Cell Counting Kit-F (Calcein-AM; 
Dojindo, Kumamoto, Japan). After washing the cultured hepa-
tocytes with PBS, a 50-fold diluted Calcein-AM reagent was 
added and incubated for 30 min. Fluorescence intensity (exci-
tation: 450 nm, emission: 535 nm) was then measured.

The total hepatocyte counts per 0.01 cm2 (i.e., ×102 
cells/cm2) were determined from a phase-contrast microscopic 
image. Counts were obtained from cells in microscopic im-
ages captured at three different locations, and the average was 
considered as a single data point.

Detection of Cell Cycle Phases (S-Phase and G0/G1-
Phase)  To evaluate DNA synthesis, the S-phase in the cell 
cycle was determined using a Muse™ cell analyzer (Merck 
Millipore, Darmstadt, Germany).26) In this process, hepa-
tocyte nuclei, isolated by the aforementioned method, were 
combined with 5% propidium iodide and incubated in the 
dark for 15 min. The Muse™ cell analyzer, functioning as a 
flow cytometer for cell analysis, was used to measure the cell 
cycle, including the S-phase. With this instrument, the cell 
cycle distribution of hepatocytes, encompassing the S-phase 
or G0/G1-phase, was quantified based on the analysis of prop-
idium iodide-stained nuclei.

Measurement of Phosphorylated Raf, RKIP, and 
ERK1/2  Phosphorylated forms of Raf (p68 A-Raf, p86 
B-Raf, p74 C-Raf), p21 Raf kinase inhibitory protein (RKIP), 
and p44/42 ERK1/2 were assessed by Western blotting.27,28) 
Samples collected from hepatocytes using lysis buffer were 
combined with Laemmli sample buffer and subsequently sub-
jected to separation through polyacrylamide gel electrophore-
sis. The separated samples were then transferred onto a poly-
vinylidene difluoride (PVDF) transfer membrane. The proteins 
transferred onto the membrane underwent immunoblotting 
using antibodies specific to the phosphorylated and total 
forms of A-Raf (S299), B-Raf (S445), C-Raf (S338), RKIP 
(S153), and ERK1/2. The phosphorylated ERK1/2 antibody 
was diluted 2000-fold, whereas all other primary antibodies 
were diluted 1000-fold. The membrane was incubated with 
the respective primary antibodies, followed by incubation with 
an HRP-labeled secondary antibody. Blot detection was per-
formed using an ECL kit, and the emitted chemiluminescent 
signal was captured and quantified using a ChemiDoc Touch 
MP system from Bio-Rad Laboratories, Inc. To determine 
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the ratios of phosphorylated Raf, RKIP, and ERK1/2 activ-
ity, the expression levels of each phosphorylated protein were 
divided by the total activity. Anti-RKIP antibody and anti-
RKIP (Phospho-S153) antibody were obtained from Abcam, 
plc. (Cambridge, U.K.). All antibodies except RKIP, includ-
ing secondary antibodies, lysis buffer, and the ECL kit, were 
obtained from Cell Signaling Technology, Inc. (Danvers, MA, 
U.S.A.). The PVDF membrane and Laemmli sample buffer 
were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, 
U.S.A.).

Measurement of Ras Activity  Activated Ras (GTP-
bound form) was assessed using a 96-well Ras Activation 
enzyme-linked immunosorbent assay (ELISA) Kit (Cell Bio-
labs, Inc., San Diego, CA, U.S.A.). A total of 200 µL of lysis 
buffer were added to the cultured hepatocytes, followed by 
incubation on ice for 10 min. The collected samples were then 
centrifuged (c.f.g. 14000 × g, 10 min, at 4 °C). An aliquot of 
the supernatant fraction (50 µL) was quantified following the 
manufacturer’s assay procedure. The total protein of hepa-
tocytes was quantified and normalized using the sodium do-
decyl sulfate (SDS)-Lowry method.29)

Statistical Analysis  The data are presented as 
mean ± standard error of the mean (S.E.M.) values from three 
distinct experiments. Dunnett’s test, with a significance level 
set at 5%, was used to evaluate the significance of the differ-
ences between the experimental groups and the control group.

RESULTS

Enhancement of SAC-Induced Hepatocyte Proliferation 
by Phenylephrine in Primary Cultures of Adult Rat Hepa-
tocytes  To investigate whether SAC-induced hepatocyte pro-
liferation effects are enhanced by α-adrenergic activity, SAC 
was combined with phenylephrine, an α1-adrenergic agonist, 
and cell proliferation of cultured hepatocytes was measured. 

Figure 1 shows the phase-contrast microscope images of 
hepatocytes after 5 h of cultivation with SAC alone and with 
the combination of SAC (10−6 M) and phenylephrine (10−6 M) 
(Figs. 1A–D). Figure 1E also shows the number of hepatocytes 
observed in each visual field (×102 cells/cm2). A substantial 
increase in the number of hepatocytes was observed with SAC 
treatment compared to the control. However, treatment with 
phenylephrine alone did not alter the number of hepatocytes 
(Figs. 1A–C, E). In contrast, combined treatment with SAC 
and phenylephrine showed a trend toward a further increase in 
hepatocyte numbers compared with SAC alone (Figs. 1C–E).

Next, to quantitatively assess the enhancing effect of phen-
ylephrine on SAC-induced cell proliferation, the number of 
nuclei in hepatocytes and the number of viable hepatocytes 
were measured. As depicted in Fig. 2A, a significant increase 
in the number of nuclei was observed with SAC alone (closed 
circle) compared to the control (medium alone: open circle). 
In contrast, in the SAC and phenylephrine combination group 
(closed triangle), phenylephrine further increased the number 
of nuclei depending on the dose, and phenylephrine 10−6 and 
10−5 M showed a significant increase in the number of nuclei 
compared with SAC alone. On the other hand, with phenyl-
ephrine alone (open triangle), there was almost no increase in 
the number of nuclei (Fig. 2A). As shown in Fig. 2B, although 
the change in the number of viable hepatocytes was not as 
great as the change in the number of nuclei, a significant in-
crease was observed in the SAC and phenylephrine combina-
tion group compared to SAC alone (Fig. 2B).

Effects of the SAC and Phenylephrine Combination on 
S- and G0/G1-Phase Progression in Cultured Hepatocytes  
To explore the potential enhancement of DNA synthesis in 
cultured hepatocytes by the combination of SAC and phenyl-
ephrine, the S-phase in the cell cycle of hepatocytes subjected 
to stimulation with the SAC and phenylephrine combination 
was assessed. The culture time after drug stimulation was set 

Fig. 1. Phase-Contrast Microscopy Image of Hepatocytes 5 h after Phenylephrine or SAC Stimulation
Hepatocytes isolated as described in the method were seeded onto 6-well plates and cultured for 3 h in serum-containing MEM for cell plate adhesion. Subsequently, 

hepatocytes were cultured with/without SAC (10−6 M) and phenylephrine (10−6 M) for 5 h in medium replaced with serum-free medium. (A) Control (medium alone), 
(B) phenylephrine alone, (C) SAC alone, (D) combination of SAC and phenylephrine, (E) number of hepatocytes observed in each visual field (×102 cells/cm2) under 
the microscope. Values are presented as means ± S.E.M. (n = 3). *(p < 0.05) and **(p < 0.01) indicate significant differences from the control (medium alone) group, and 
#(p < 0.05) and ##(p < 0.01) indicate significant differences from the SAC alone group. Scale bar: 100 µm.
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to 3 h, a point at which the S-phase transition was the most 
evident. As shown in Fig. 3, the SAC and phenylephrine com-
bination significantly increased the progression of hepatocyte 
nuclei in the S-phase, compared with the effect induced by 
SAC alone. This enhancement was dependent on the phenyl-
ephrine dose (Fig. 3A). In addition, the percentage of hepato-
cyte nuclei in the G0/G1-phase exhibited a decreasing trend in 
the SAC and phenylephrine combination group, depending on 
the phenylephrine dose (Fig. 3B). In contrast, phenylephrine 
alone had no effect on S- and G0/G1-phase progression.

Effects of Specific Inhibitors of Signal Transducers on 
the Enhancement of SAC-Induced Hepatocyte Prolifera-
tion by Phenylephrine and PMA  Next, to investigate the 
signaling factors implicated in the enhancing effect of phenyl-
ephrine on the SAC-induced hepatocyte proliferation, various 
specific inhibitors of signal transducers were used to assess 
the SAC-induced hepatocyte proliferation (measured as the 
number of hepatocyte nuclei) and DNA synthesis (measured 
as a percentage in the S-phase of the cell cycle) in combina-
tion with phenylephrine or the direct protein kinase C activa-
tor PMA. In Fig. 4, the hepatocyte proliferation and DNA 
synthesis induced by SAC were markedly inhibited to levels 
comparable to the control group by the following inhibitors: 
U-73122, TG101209, AG538, PD98059, and rapamycin. In 
contrast, prazosin or GF109203X had no effect, whereas the 
enhancement of SAC-induced hepatocyte proliferation and 
DNA synthesis by phenylephrine was significantly inhib-
ited by prazosin and GF109203X, reducing the effects to the 
level observed with SAC alone. TG101209, U-73122, AG538, 
PD98059, and rapamycin not only suppressed the enhancing 
effects of phenylephrine, but also inhibited hepatocyte pro-
liferation and DNA synthesis induced by SAC. Interestingly, 
PMA also further increased the SAC-induced hepatocyte pro-
liferation and DNA synthesis, similar to phenylephrine. These 
potentiating effects of PMA were not suppressed by prazosin. 
The effects of other inhibitors on PMA showed results similar 
to phenylephrine (Figs. 4A, B).

Time Course of SAC-Induced ERK2 Phosphorylation 
in the Presence of Phenylephrine in Cultured Hepatocytes  
The patterns of SAC-induced ERK1/2 phosphorylation in the 
presence of phenylephrine were measured by Western blot 
analysis. As shown in Fig. 5, the phosphorylation pattern of 
SAC (10−6 M) alone showed that ERK2 (but not ERK1) was 
phosphorylated immediately after stimulation, with the maxi-
mum phosphorylation observed 30 min after SAC stimulation. 
In contrast, phenylephrine (10−6 M) alone did not induce phos-
phorylation. However, in the SAC (10−6 M) and phenylephrine 
(10−6 M) combination group, an additional enhancement of 
ERK2 phosphorylation was observed compared with SAC 
alone. The maximum ERK2 phosphorylation response in the 
SAC and phenylephrine combination group occurred 30 min 
after drug stimulation, and the phosphorylation was much 
greater than that of SAC alone (Fig. 5).

Effects of Specific Inhibitors of Signal Transducers on 
the Enhancement of SAC-Induced ERK2 Phosphorylation 
by Phenylephrine and PMA  Next, the enhancing effect 
of phenylephrine on SAC-induced ERK2 phosphorylation 
was investigated using inhibitors and activators. U-73122, 
TG101209, AG538, and PD98059 not only suppressed the 
enhancing effect of phenylephrine on SAC-induced ERK2 
phosphorylation, but also suppressed the SAC-induced ERK2 
phosphorylation. In contrast, prazosin only inhibited the po-
tentiating effect of phenylephrine on the SAC-induced phos-
phorylation and had no effect on SAC-induced ERK2 phos-
phorylation by itself. However, rapamycin did not affect the 
phosphorylation pattern of either SAC alone or in combination 
with phenylephrine. PMA also exhibited an enhancing effect 
on SAC-induced ERK2 (but not ERK1) phosphorylation simi-
lar to phenylephrine. The effects of specific inhibitors were 
also comparable to those of phenylephrine, but prazosin did 
not suppress the enhancement effect of PMA on SAC-induced 

Fig. 2. Enhancement Effect of Phenylephrine on the SAC-Induced He-
patocyte Proliferation Promotion Effect (Dose–Response Relationship)

Hepatocytes were cultured in the presence of SAC (10−6 M), with or without the 
addition of phenylephrine, for a duration of 5 h. (A) The number of nuclei, (B) the 
number of living hepatocytes (relative fluorescence intensity). Values are presented 
as means ± S.E.M. (n = 3). *(p < 0.05) and **(p < 0.01) indicate significant differ-
ences from the control (medium alone) group, and #(p < 0.05) and ##(p < 0.01) 
indicate significant differences from the SAC alone group.

Fig. 3. Effects of Phenylephrine on SAC-Induced G0/G1 and S-Phase 
Transitional Changes

Hepatocytes were cultured in the presence of SAC (10−6 M), with or without 
the addition of phenylephrine, for 3 h. (A) The percentage in G0/G1-phase, (B) the 
percentage in S-phase. Values are presented as means ± S.E.M. (n = 3). *(p < 0.05) 
and **(p < 0.01) indicate significant differences from the control (medium alone) 
group, and #(p < 0.05) and ##(p < 0.01) indicate significant differences from the 
SAC alone group.
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ERK2 phosphorylation (Fig. 6).
Effects on SAC-Induced Ras Activation in the Pres-

ence of Phenylephrine and PMA in Cultured Hepato-
cytes  Based on the above results, we hypothesized that 

activated PKC interacts with a factor upstream of ERK2, 
which is a signaling factor for SAC-induced cell proliferation 
(IGF-I RTK/Ras/Raf/MEK/ERK2/mTOR) in cultured he-
patocytes.14,15) First, whether phenylephrine and PMA could 

Fig. 4. Effects of Specific Signal Transduction Factor Inhibitors on SAC-Induced Hepatocyte Proliferation in the Presence of Phenylephrine or PMA
(A) The percentage in S-phase 3 h after drug stimulation, (B) the number of hepatocyte nuclei 5 h after drug stimulation. Drugs acting as inhibitors or activators in-

clude phenylephrine (10−6 M), PMA (10−7 M), SAC (10−6 M), prazosin (10−6 M), U-73122 (10−6 M), GF109203X (10−7 M), TG101209 (10−6 M), AG538 (10−6 M), PD98059 
(10−6 M), and rapamycin (10 ng/mL). Values are presented as means ± S.E.M. (n = 3). *(p < 0.05) and **(p < 0.01) indicate significant differences from the control (medium 
alone) group, #(p < 0.05) and ##(p < 0.01) indicate significant differences from the SAC alone group, α(p < 0.05) and αα(p < 0.01) indicate significant differences from the 
SAC + phenylephrine group, and β(p < 0.05) and ββ(p < 0.01) indicate significant differences from the SAC + PMA group.

Fig. 5. Time Course of SAC-Induced ERK2 Phosphorylation in the Presence of Phenylephrine
The data depict the percentages of phosphorylated ERK (P-ERK) 2/total ERK (ERK) 2. The arrow indicates the addition of SAC (10−6 M) or phenylephrine (10−6 M). 

Values are presented as means ± S.E.M. (n = 3). *(p < 0.05), **(p < 0.01) indicate comparisons with respective controls. #(p < 0.05), ##(p < 0.01) indicate significant differ-
ences from the SAC alone group.
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further enhance SAC-induced Ras activity was examined. As 
shown in Fig. 7, Ras was significantly activated 15 min after 
SAC stimulation, but no additional enhancement of SAC-
induced Ras activity was observed with the combination of 
phenylephrine or PMA (closed square).

Raf Isoforms and RKIP Phosphorylation in Combi-
nation with Phenylephrine and SAC and the Effect of 
GF109203X on the Induced B-Raf Phosphorylation  Next, 
whether phenylephrine enhanced SAC-induced Raf (A-, B-, 
C-Raf) phosphorylation was examined. Phosphorylation of 
Raf was measured by Western blot analysis. As shown in 
Fig. 8, B-Raf exhibited significant changes in phosphoryla-
tion after stimulation with SAC (10−6 M) and phenylephrine. 
B-Raf phosphorylation was not increased by SAC alone or 
phenylephrine alone, but a significant increase was observed 
with the combination of SAC and phenylephrine. The peak 
response of B-Raf phosphorylation in conjunction with SAC 
and phenylephrine occurred 15 min after drug stimulation 
(Fig. 8A). In contrast, A-Raf and C-Raf phosphorylation did 
not show significant increases upon stimulation with SAC or 

phenylephrine (Fig. 8B).
Subsequently, to investigate whether PKC is involved in the 

interaction with B-Raf, B-Raf phosphorylation was measured 
using the direct PKC activator PMA and the specific inhibitor 
GF109203X. As shown in Fig. 8C, PMA also showed an en-
hancing effect on B-Raf phosphorylation similar to phenyleph-
rine. In addition, GF109203X significantly inhibited increases 
in B-Raf phosphorylation induced by phenylephrine and PMA 
in combination with SAC (Fig. 8C).

Next, the effects of phenylephrine and PMA on RKIP phos-
phorylation were investigated in cultured hepatocytes. RKIP 
is a protein that regulates Raf.30) As shown in Fig. 8D, RKIP 
phosphorylation was promoted by phenylephrine and PMA, 
and the RKIP phosphorylation induced by them was signifi-
cantly inhibited by GF102203X. However, no enhancement of 
RKIP phosphorylation was observed when used in combina-
tion with SAC (Fig. 8D).

DISCUSSION

As shown in Fig. 1, microscopic observation showed that 
phenylephrine further intensified the increase in the number 
of hepatocytes induced by SAC. Furthermore, as depicted in 
Figs. 2, 3, and 5, phenylephrine dose-dependently augmented 
SAC-induced hepatocyte nuclei, the number of viable hepato-
cytes, and DNA synthesis and enhanced SAC-induced ERK2 
phosphorylation. In addition, phenylephrine alone did not cause 
hepatocyte proliferation and ERK2 phosphorylation. These 
results suggest that phenylephrine did not enhance the cell 
proliferative-promoting effect of SAC through an additive effect 
based on its cell proliferation. Instead, intracellular factors acti-
vated by phenylephrine (i.e., the α1-adrenergic receptor/Gq/PLC/
diacylglycerol (DG) signaling pathway) appeared to enhance the 
crosstalk with the SAC-induced signaling pathway.

Subsequently, the effects of specific inhibitors of signaling 
factors on the SAC-induced hepatocyte proliferative-promo-
tion in the presence of phenylephrine or PMA were examined. 

Fig. 6. Effects of Specific Signal Transduction Factor Inhibitors on SAC-Induced ERK2 Phosphorylation in the Presence of Phenylephrine or PMA
Percentages of phosphorylated ERK (P-ERK) 2/total ERK (ERK) 2 were determined 30 min after SAC, phenylephrine, or PMA. Drugs acting as inhibitors or activators 

include phenylephrine (10−6 M), PMA (10−7 M), SAC (10−6 M), prazosin (10−6 M), U-73122 (10−6 M), GF109203X (10−7 M), TG101209 (10−6 M), AG538 (10−6 M), PD98059 
(10−6 M), and rapamycin (10 ng/mL). Values are presented as means ± S.E.M. (n = 3). *(p < 0.05) and **(p < 0.01) indicate significant differences from the control (medium 
alone) group, #(p < 0.05) and ##(p < 0.01) indicate significant differences from the SAC alone group, α(p < 0.05) and αα(p < 0.01) indicate significant differences from the 
SAC + phenylephrine group, and β(p < 0.05) and ββ(p < 0.01) indicate significant differences from the SAC + PMA group.

Fig. 7. Effects on SAC-Induced Ras Activation in the Presence of Phen-
ylephrine and PMA

Hepatocytes were cultured in the presence of SAC (10−6 M) with or without 
phenylephrine or PMA for 15 min. Activation of Ras was determined by ELISA, 
as described in the Methods. Values are presented as means ± S.E.M. (n = 3). 
*(p < 0.05) and **(p < 0.01) indicate significant differences from the control (me-
dium alone) group, and #(p < 0.05) and ##(p < 0.01) indicate significant differences 
from the SAC alone group.
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As shown in Figs. 4 and 6, the effects of inhibitors were cate-
gorized into two groups: one that suppressed cell proliferation 
and ERK2 phosphorylation to the control level, and another 
that reduced cell proliferation and ERK2 phosphorylation to 
the level of SAC alone. TG101209, a JAK2 inhibitor, and/or 

U-73122, a PLC inhibitor, are inhibitors that suppress factors 
involved in IGF-I secretion by SAC. Furthermore, AG538 
and PD98059 are inhibitors that suppress factors involved in 
the IGF-I-induced cell proliferation signaling pathway (i.e., 
IGF-I RTK/MEK/ERK2/mTOR). These inhibitors not only 

Fig. 8. Raf Isoforms and RKIP Phosphorylation with the Combination of Phenylephrine and SAC and the Effect of GF109203X on Induced B-Raf 
Phosphorylation

(A) Time course of B-Raf phosphorylation with the combination of phenylephrine and SAC. Percentages of phosphorylated B-Raf (P-B-Raf (S445))/total B-Raf (B-Raf), 
(B) percentages of phosphorylated A-Raf or C-Raf (P-A-Raf (S299) or C-Raf (S338))/total A-Raf or C-Raf (A-Raf or C-Raf) 15 min after SAC (10−6 M), phenylephrine 
(10−6 M) or PMA (10−7 M). (C) Percentages of phosphorylated B-Raf (P-B-Raf (S445))/total B-Raf (B-Raf) 15 min after SAC (10−6 M), phenylephrine (10−6 M), PMA (10−7 
M), or GF109203X (10−7 M). (D) Percentages of phosphorylated RKIP (P-RKIP (S153))/total RKIP (RKIP) 15 min after SAC (10−6 M), phenylephrine (10−6 M), PMA (10−7 
M), or GF109203X (10−7 M). The arrow indicates the addition of SAC (10−6 M) or phenylephrine (10−6 M). Values are presented as means ± S.E.M. (n = 3). *(p < 0.05) and 
**(p < 0.01) indicate significant differences from the control (medium alone) group, #(p < 0.05) and ##(p < 0.01) indicate significant differences from the SAC alone group, 
α(p < 0.05) and αα(p < 0.01) indicate significant differences from the SAC + phenylephrine group, and β(p < 0.05) and ββ(p < 0.01) indicate significant differences from the 
SAC + PMA group.
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suppressed the cell proliferative-enhancing effect of phenyl-
ephrine, but also the cell proliferation and ERK2 phosphoryla-
tion induced by SAC alone. In addition, mTOR, the target of 
rapamycin, has been shown to exist downstream of ERK2 in 
the SAC-mediated hepatocyte proliferation pathway.14) The 
cell proliferative-enhancing effect of phenylephrine has also 
been observed for IGF-I, HGF, and platelet-derived growth 
factor, and inhibition of the cell proliferation signal pathways 
of these growth factors suppressed cell proliferation to control 
levels.9,31–33) In other words, these results indicate that the en-
hancing effect of phenylephrine would not be exerted without 
the cell proliferation effects of SAC and IGF-I.

The PKC inhibitor GF109203X and the α1-adrenergic re-
ceptor antagonist prazosin only suppressed the enhancing 
effect of phenylephrine on the SAC-induced cell proliferation 
and ERK2 phosphorylation, and they did not affect the SAC-
induced cell proliferation and ERK2 phosphorylation by them-
selves. Further, PMA, which competes with DG and directly 
activates PKC, exhibited a similar trend to the enhancing 
effect of phenylephrine on SAC-induced cell proliferation and 
ERK2 phosphorylation, whereas prazosin did not suppress the 
effect of PMA (Figs. 4, 6). These results indicate that PKC 
is dispensable for SAC-induced cell proliferation and ERK2 
phosphorylation, but it is required for enhancement of the 
SAC-induced cell proliferation and ERK2 phosphorylation. 
PKC directly or indirectly stimulates DNA synthesis; further-
more, its effects differ depending on the cell line and animal 
species.9,34,35) In other words, in hepatocytes, phosphory-
lated PKC was shown to interact upstream with ERK2 in the 

SAC-induced cell proliferation pathway, thereby indirectly 
enhancing cell proliferation.

Next, we hypothesized that PKC interacts with Ras or Raf 
in the SAC-mediated cell proliferation pathway. As shown in 
Figs. 7 and 8, phenylephrine promoted phosphorylation of Raf, 
but not Ras, in the presence of SAC. Furthermore, PKC phos-
phorylated directly or indirectly by phenylephrine or PMA 
showed a specific interaction with B-Raf in the Raf isoform 
when used in combination with SAC. Raf is an effector of ac-
tivated Ras (GTP-bound form), and the activation mechanism 
of C-Raf is the best understood of the three isoforms. The 
inactive form of C-Raf maintains binding to 14-3-3 proteins 
in the cytoplasm.36) The binding between the formed Ras-GTP 
and C-Raf leads to phosphorylation of tyrosine 341 and serine 
338 in C-Raf, initiating downstream signaling to MEK.36,37) 
Serine 338 in C-Raf is a crucial point for activation, and 
B-Raf also has serine 445 located at the corresponding posi-
tion.36) Serine 445 of B-Raf is constitutively phosphorylated 
and is not stimulated by oncogenic Ras. However, since in-
hibition of serine 445 phosphorylation profoundly affects cell 
proliferation, it has been suggested that serine 445 phosphory-
lation may increase the basal activity of B-Raf and enhance 
Ras-stimulated activity.38) In addition, full activation of B-Raf 
requires phosphorylation of both threonine 598 and serine 601 
induced by Ras activation.39) B-Raf phosphorylation by SAC 
(IGF-I RTK stimulation by IGF-I secretion) alone may have 
occurred at both threonine 598 and serine 601, rather than ser-
ine 445. In other words, B-Raf bound to activated Ras to the 
plasma membrane induced by SAC induces phosphorylation of 

Fig. 9. Mechanisms of SAC-Induced Activation of the Ras/B-Raf Pathway in the Absence or Presence of Phenylephrine



1573

Biol. Pharm. Bull. Vol. 47, No. 9 (2024)

threonine 598 and serine 601, which then interact with con-
stitutively phosphorylated serine 445, transmitting a signal to 
MEK/ERK2 (Fig. 9).

With regards to the relationship between PKC and B-Raf, 
studies have shown that B-Raf is activated and phosphory-
lates MEK-1 after PMA treatment in PC12 cells.40) RKIP is a 
protein that regulates Raf activity. RKIP suppresses not only 
C-Raf, but also B-Raf, and moreover, PKC has been demon-
strated to derepress B-Raf activity through phosphorylation 
of RKIP.40,41) As shown in Fig. 8D, phenylephrine and PMA 
promoted phosphorylation of RKIP, and the phosphorylation 
induced by them was suppressed by GF109203X. PKC activat-
ed by phenylephrine or PMA may enhance the SAC-induced 
B-Raf activity through phosphorylation of RKIP in cultured 
hepatocytes. RKIP inhibits C-Raf activity by blocking serine 
338 and tyrosine 341, which are important activation sites of 
C-Raf.36,42) Although the binding site of B-Raf and RKIP is 
not clear, RKIP may block B-Raf serine 445, which corre-
sponds to C-Raf serine 338. PKC activated by phenylephrine 
or PMA stimulation releases the binding of B-Raf through 
phosphorylation of RKIP. It is inferred that this response does 
not promote B-Raf phosphorylation because it only releases 
the binding to RKIP. Presumably, B-Raf serine 445, which 
was freed from RKIP by PKC, was able to respond to Ras, 
and SAC stimulation may have further increased phosphoryla-
tion (Fig. 9).

In conclusion, Fig. 10 presents a schematic diagram of the 
mechanism of α1-adrenergic receptor agonist enhancement 
of SAC-induced hepatocyte proliferation. SAC results in the 
secretion of IGF-I through the JAK2/PLC/Ca2+ signaling 
pathway and promotes hepatocyte proliferation through the 
RTK/Ras/Raf/MEK/ERK2/mTOR pathway. The present study 
demonstrated that, of these pathways promoting SAC-induced 
cell proliferation, the α1-adrenergic receptor/Gq/PLC/DG/PKC 
pathway further enhances the SAC-induced cell proliferation 
by promoting phosphorylation specific to B-Raf and down-
stream ERK2 in primary cultures of adult rat hepatocytes.
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