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Abstract

Mechanical stress is known to activate signaling cascades, including mitogen-activated protein kinase (MAPK) pathways. Although
mechanical stress has been implicated in hepatic cirrhosis and liver regeneration following hepatectomy, the signaling pathway(s) that
may be activated in hepatocytes in response to mechanical stress have not been determined. Using primary cultured rat hepatocytes to
examine cellular signaling in response to mechanical stress associated with medium change, we observed that the phosphorylation status
of extracellular signal-regulated kinase 1/2 (ERK1/2), Jun N-terminal kinase and p38 MAPK, but not Akt, was altered. MAPK activation,
especially ERK1/2, was rapidly increased within 5 min, followed by a subsequent decrease to below basal levels between 30 min and 1 h
following medium change. MAPK/ERK kinase (MEK1/2) phosphorylation followed the same pattern. The phosphorylation of Raf-1 in
response to medium change was also consistent with Raf-1 serving as an upstream regulator of MEK1/2-ERK1/2 signaling.
Phosphorylation of ERK1/2 was increased by mechanical stress alone, suggesting that mechanical stress may be primarily responsible
for ERK1/2 activation in response to medium change. Medium change produced a marked decline in oxidized glutathione and
malondialdehyde levels, and the antioxidant N-acetyl-L-cysteine decreased basal ERK1/2 phosphorylation, suggesting a role for oxidative
stress in maintaining basal ERK1/2 phosphorylation in cultured hepatocytes. These data suggest that medium change results in immediate
activation of the MAPK signaling pathway due to mechanical stress, followed by a subsequent inactivation of MAPK signaling due to a
reduction in oxidative stress levels. These processes may be associated with alteration of hepatic hemodynamic circulation observed in
hepatic diseases and in liver transplantation.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Hepatic hemodynamic circulation, resulting in mechan-
ical stress, may be altered in pathophysiological conditions,
such as hepatic fibrosis and cirrhosis, and in hepatic surgery,
including experimental partial hepatectomy and liver trans-
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plantation [1,2]. It has long been recognized that patients
with hepatic cirrhosis exhibit hyperdynamic circulation
syndrome characterized by high cardiac output and reduced
peripherial vascular resistance [3], which contributes to
venous portal hypertension [1], an indictor of mechanical
stress in the liver. Schoen et al. [4] have suggested that
hemodynamic change-induced mechanical stress and the
subsequent release of nitric oxide may trigger the liver
regeneration cascade in a partially hepatectomized liver.
These results raise the possibility that mechanical stress
contributes to both liver pathogenesis and regeneration.
Endothelial cells lining the vascular wall are constantly
under the influence of hemodynamic forces that induce two
major types of mechanical stress. Mechanical strain or
stretch occurs as the radius or the length of a blood vessel
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increases. A second type of stress is termed fluid shear
stress, which is caused by the flow of blood over the
endothelial cells. The nature and magnitude of mechanical
stress plays an important role in long-term maintenance of
the structure and function of the blood vessel [5]. The
regulation by mechanical stress in endothelial cells is
mediated by the activation of mechanosensitive signaling
pathways that include the mitogen-activated protein kinase
(MAPK) family, which consist of the extracellular signal-
regulated kinases (ERKs), Jun N-terminal kinases (JNKs),
p38 MAPKs and ERKS. However, which signaling path-
way(s) may be activated in response to mechanical stress in
hepatocytes has not been addressed.

MAPK signaling cascades, which are regulated by phos-
phorylation and dephosphorylation on serine and/or threo-
nine residues, regulate important biologic activities [6,7].
Each MAPK is a member of a three-protein kinase cascade;
a MAPK kinase kinase phosphorylates a MAPK kinase that
subsequently phosphorylates the MAPK [8]. The most
extensively investigated instance of MAPK activation
involves signal transduction by receptor tyrosine kinases,
which activate MAPK cascades in response to growth
factors and insulin [9]. Of the various MAPKs, the ERK]1
(p44 MAPK) and ERK2 (p42MAPK) subfamily was the first
to be characterized [10]. In response to growth factors, the
basic ERK signaling cascade following activation of the
receptors includes the G-protein Ras, Raf-1 (MAPK kinase
kinase), MEK1/2 (MAPK kinase) and ERK1/2 (MAPK)
[11]. Signals relayed by MAPKSs regulate a wide variety of
cellular processes, including cell growth and proliferation,
tumorigenesis, inflammation, immune response, apoptosis
and embryonic development, which depend on the type of
stimulus and cell context [7,12].

ERK1/2, a proline-directed serine/threonine kinase at the
end of the ERK signaling cascade, can also be activated in
response to stress signals including UV irradiation, mechan-
ical stress and oxidative stress [5,8,13]. JNK and p38
MAPK, stress-activated protein kinases, are slightly acti-
vated by insulin or growth factors and strongly activated by
endogenous and exogenous stress stimuli, including cyto-
kines and G-protein-coupled receptor agonists, UV irradia-
tion, heat- or cold-shock, osmotic stress, mechanical stress
and oxidative stress [5,12—-14]. In contrast to the detailed
understanding of MAPK signaling pathways activated in
response to growth factors, much less is known about the
stimulation of MAPK cascades in response to cellular stress.

These studies were conducted to test the hypothesis that
medium change, and the associated mechanical stress,
results in an alteration of basal phosphorylation of MAPKs
in primary cultured rat hepatocytes. We report that
mechanical stress due to medium change activates
MAPKSs, especially ERK1/2 and its upstream regulators
Raf-1 and MEK1/2. We also provide data implicating a
reduction of oxidative stress in the decreased phosphor-
ylation of ERK1/2 following the initial increase in ERK1/2
phosphorylation in response to medium change.

2. Materials and methods
2.1. Materials

Modified Chee’s medium and L-glutamine were obtained
from Invitrogen (Carlsbad, CA). Insulin (Novolin R) was
purchased from Novo-Nordisk (Princeton, NJ). Collagenase
(type I) was purchased from Worthington Biochemicals
(Freehold, NJ). Vitrogen (95-98% type I collagen, 2-5%
type III collagen) was obtained from Cohesion Technologies
(Santa Clara, CA). Antibodies against ERK1/2, JNK, p38
MAPK, Akt, MEK1/2, phospho-ERK1/2 (threonine-202,
tyrosine-204), phospho-JNK (threonine-183, tyrosine-185),
phospho-p38 MAPK (threonine-180, tyrosine-182), phos-
pho-Akt (serine-473), phospho-MEK1/2 (serine-217/221),
phospho-Raf-1 (serine-259) and phospho-Raf-1 (serine-
338) were purchased from Cell Signaling Technology (Bev-
erlyy, MA). Anti-Raf-1 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Horseradish peroxidase-
con-jugated goat anti-rabbit antibody was obtained from Bio-
Rad Laboratories (Hercules, CA). Enhanced chemilumines-
cence reagents were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ). N-Acetyl-L-cysteine (NAC) and all
other reagents were purchased from Sigma (St. Louis, MO).

2.2. Primary rat hepatocyte culture

Hepatocytes were isolated from the livers of male Spra-
gue—Dawley rats (200-300 g) using collagenase perfusion
as previously described [15]. Hepatocytes were plated onto
dishes covalently coated with Vitrogen, and modified Chee’s
medium was fortified as described [15] and supplemented
with 0.1 wM dexamethasone and 1 wM insulin. Cells were
plated at a density of 3 x 10°cells/60 mm dish and each
culture tray had four dishes. Hepatocytes were incubated in a
humidified 37 °C incubator with 95% air/5% CQO, atmo-
sphere. Four hours after plating, cells were washed with
insulin-free medium several times. Medium was replaced
with medium containing no insulin and changed every 24 h.
Following medium change at 48 h after plating, cells were
harvested after 5 min, 10 min, 30 min, 1 h, 3h or 24 h.
Immediately after each culture tray was removed from
the incubator, medium was aspirated under vacuum, requir-
ing ~2.5 s to remove the medium from each dish. Three
mililiters of fresh medium pre-warmed up to 37 °C was
added into each dish using an electronic pipette aid equipped
with a 10 ml disposable pipette. In some experiments, fresh
25 °C medium was added. Fresh medium was added to
dishes within 20 s after removing the existing medium. Time
zero refers to hepatocytes harvested immediately before
medium change. To produce mechanical stress, 60 mm
dishes were shaken on a belly dancer at a rotational fre-
quency of 40 rpm for 20 or 60 s. NAC (5 mM) was added 2 h
prior to medium change. In separate experiments, medium
was replaced with medium supplemented with insulin
(10 nM) or epidermal growth factor (EGF) (50 ng/ml).
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2.3. Immunoblot analysis

To determine the phosphorylation state of ERK1/2, INK,
p38 MAP kinase, Akt, MEK1/2 and Raf-1 cell lysates were
prepared by scraping cells directly into 500 wl of Laemmli
sample buffer. Cell lysates (10-15 pl) were separated by
10% gel electrophoresis and electrophoretically trans-
ferred to nitrocellulose. Blots were blocked for 1h in
5% milk powder in Tris—HCI buffered saline containing
0.05% Tween 20 (TBS-T). Membranes were probed with
the appropriate phospho-specific antibody (diluted 1:250—
1:1000 in 5% bovine serum albumin in TBS-T) overnight
at 4 °C followed by incubation with goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibody (diluted
1:2000 in 5% milk power in TBS-T). The results were
normalized to total ERK1/2, JNK, p38 MAPK, Akt,
MEKI1/2 or Raf-1 by stripping the blots and re-probing
with phosphorylation state-independent antibodies. Pro-
teins were detected by enhanced chemiluminescence on
Kodak X-OMAT film (Sigma Chemical Co.) and quanti-
fied by densitometry with a Molecular Dynamics scanning
laser densitometer and ImageQuant analysis program
(Amersham Biosciences, Piscataway, NJ).

2.4. GSH and GSSG level determination

To determine total glutathione (GSH) and GSH disulfide
(GSSG) concentration, cells were washed twice in ice-cold
PBS and then scraped into ice-cold 5% perchloric acid. The
lysates were transferred into Eppendorf tubes and were
clarified by centrifugation at 10,000 x g for 5 min at 4 °C.
The supernatant was used for determination of GSH level
and the pellets were used for protein determination. GSH
and GSSG concentrations were determined using the
enzymatic recycling method.

2.5. Malondialdehyde (MDA) level determination

To determine MDA levels, cells were lysed in 50 mM
HEPES (pH 7.2), 150 mM NaCl, 1.5 mM MgCl,, 1 mM
EGTA, 10% glycerol, 1% Triton X-100 and 1 mM MnCl,.
Cells were scraped into lysis buffer, and the lysates were
transferred into Eppendorf tubes and passed through a 25-
gauge needle. Protein concentrations were determined
using the bicinchoninic acid protein assay (Sigma—
Aldrich). For preparation of samples, an aliquot of 30 .l
of cell lysate was mixed with 0.3 ml of 0.2% thiobarbituric
acid in 2 M sodium acetate buffer containing 1 mM diethy-
lenetriaminepentaacetic acid, pH 3.5, and 3 pl of 5%
butylated hydroxytoluene in 96% ethanol. The sample
mixture was incubated at 95 °C for 45 min. After cooling
at room temperature, the samples were centrifuged at
16,000 x g for 20 min and the supernatant used for HPLC
analysis. HPLC equipment was from Shimadze: pump,
model LC-10AT; system controller, model SCL-10A;
injector, Rheodyne equipped with a 20-p1 loop; RF-10A

fluorescence detector. The MDA-thiobarbituric acid com-
plex was separated using a 5 pm Symmetry C18
(4.6 mm x 150 mm) reversed phase column (Eka Chemi-
cals, Bohus, Sweden). The mobile phase was composed of
45% methanol and 55% 50 mM sodium phosphate buffer,
pH 7.0, passed through a 0.45 pm Millipore filter before use.
The MDA -thiobarbituric acid complex was eluted at a flow-
rate of 1.5 ml/min and monitored by fluorescence detection
with excitation at 515 nm and emission at 553 nm.

2.6. Total oxy-radical scavenging capacity (TOSC)
assay

TOSC assay of Regoli and Winston [16] was used to
evaluate antioxidant behavior of the medium. TOSC assay is
based on the ethylene-yielding reaction of alpha-keto-
gamma-methiolbutyric acid with peroxyl radicals and per-
oxynitrite. Peroxyl radicals were generated by thermal
homolysis of 2,2-azobis-amidinopropane at 35 °C. Perox-
ynitrite was produced by the decomposition of SIN-1. The
assay conditions used were 0.1 mM alpha-keto-gamma-
methiolbutyric acid and 20 mM 2,2’-azobis-amidinopro-
pane or 0.07 mM SIN-1 (3-morpholinosyndnomine) in
100 mM potassium phosphate buffer, pH 7.4. To examine
TOSC for fresh medium and medium conditioned by 1 day
of culture with hepatocytes, both media were diluted 5-fold
in distilled water and 0.1 ml of the diluent was added into
each vial. The control reaction consisted of 0.1 ml of dis-
tilled water instead of diluted medium. Reactions were
carried out in 12-ml rubber septum-sealed vials in a final
reaction volume of 1 ml. Ethylene production was measured
by GC analysis of 0.2-ml aliquots taken directly from the
headspace of the reaction vials. Samples were monitored in
sequence at 12-min intervals. Analyses were performed with
a Hewlett-Packard (Series II 5890) gas chromatograph
equipped with a 30 m capillary SPB-1 column (Supelco)
and a flame ionization detector. The oven, injection, and
detector temperatures were respectively, 60, 180, and
180 °C. Nitrogen was used as the carrier gas at a flow rate
of 30 ml/min. TOSC values were quantified from the equa-
tion TOSC =100 — (SA/CA x 100), where SA and CA
were the integrated areas from the curve that best defined
the experimental points during the reaction time course for
sample and control reactions, respectively. A sample with no
oxy-radical scavenging capacity receives a TOSC value of
0%, because it has the same area under the curve as the
control reaction (SA/CA = 1). A sample that suppressed the
ethylene formation entirely possesses an area under the
curve of 0 (SA =0), and thereby, a TOSC value of 100%.
The specific TOSC was calculated by dividing the experi-
mental TOSC by the volume of medium.

2.7. Statistical analysis

Significant differences between groups were determined
by two-tailed Student’s z-test or ANOVA followed by the
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Newman—Keuls comparison test (p < 0.05). Statistical
analysis was performed on triplicate cell lysates from a
single hepatocyte preparation. Reproducibility of results
was confirmed in two to four separate hepatocyte prepara-
tions.

3. Results

3.1. Effects of medium change on MAPK
phosphorylation in primary cultured rat hepatocytes

In order to examine effects of medium change on MAPK
activity, we monitored the phosphorylation of ERK1/2,
JNK, p38 MAPK and Akt in hepatocytes over a 24-h period
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(Fig. 1). Fresh medium was added to dishes within 20 s
after removing the existing medium. Control dishes
received no fresh medium and no agitation. The phosphor-
ylation of MAPKSs was altered in a time-dependent manner
after medium change. Changing the medium increased the
phosphorylation of ERK1/2 (threonine-202, tyrosine-204)
~4-fold within 5 min and a similar increase was detected at
10 min (Fig. 1A). Interestingly, a marked decrease in
ERK1/2 phosphorylation, to ~75-80% below basal levels,
was observed at 30 min and 1 h following medium change.
ERK1/2 phosphorylation returned to basal levels by 24 h.
The phosphorylation of both JNK (threonine-183, tyro-
sine-185) and p38 MAPK (threonine-180, tyrosine-182)
was also increased, followed by a decrease to below basal
levels and subsequent return to basal levels, but these
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Fig. 1. Effect of medium change on phosphorylation of ERK1/2 (A), JNK (B), p38 MAPK (C), and Akt (D) in primary cultured rat hepatocytes. Following 48 h
in culture in the absence of growth factors, conditioned medium was replaced with fresh medium and cells were harvested at the indicated times. Control cells
were cultured without medium change. Time zero refers to hepatocytes harvested immediately before medium change. Data are mean £ S.D. of immunoblot
band densities of three preparations of cell lysates. *p < 0.05, **p < 0.01 or ***p < 0.001, respectively, are significantly different than levels monitored in

corresponding control hepatocytes.
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effects appeared to be less robust relative to the effects on
ERK1/2 (Fig. 1B and C). In contrast, medium change
failed to affect the phosphorylation of Akt on serine 473
(Fig. 1D), suggesting that the phosphatidylinositol 3-
kinase/Akt signaling cascade is not activated in response
to stress resulting from medium change.

To determine whether MEK1/2 and Raf-1, upstream
regulators of ERK1/2, were also activated in response to
medium change, phosphorylation of these kinases was
monitored after medium change in primary cultured rat
hepatocytes (Fig. 2). Consistent with the pattern of ERK1/2
phosphorylation, phosphorylation of MEK1/2 (serine-217/
221) was increased ~2.5-fold within 5 min, followed by a
substantial decrease to below basal levels between 30 min
and 1 h, with a return toward basal levels by 24 h (Fig. 2A).
Raf-1 activation requires phosphorylation at serine 338 and
dephosphorylation at serine 259 [17]. Thus, increased
serine 338 phosphorylation is indicative of Raf-1 activation
and increased serine 259 phosphorylation is indicative of
Raf-1 inactivation. Medium change resulted in increased
Raf-1 serine 338 phosphorylation and decreased serine 259
phosphorylation at 5 min, followed by a decrease in serine
338 phosphorylation below basal levels and an increase in
serine 259 phosphorylation above basal levels 30 min and
1 h after medium change (Fig. 2B and C). Raf-1 phosphor-
ylation at both sites returned to basal levels by 24 h. These
results indicate that, consistent with the pattern of ERK and
MEK phosphorylation, Raf-1 is rapidly activated in
response to medium change followed by a decrease in
activation by 30 min and a return to basal conditions by
24 h.

MAPKS can be activated in response to stress, including
osmotic stress, temperature changes and mechanical stress
[5,12,14,18]. During the time required to change medium,
it is possible that the temperature in the tissue culture dish
drops slightly and then rises again once fresh medium has
been added. To examine the possible involvement of
temperature changes in mediating ERK1/2 activation in
response to medium change, existing medium was
removed and fresh 37 °C medium added to dishes placed
on a 37 °C heating block (Fig. 3A). Maintaining tempera-
ture failed to alter either the increase, or subsequent
decrease below basal levels, in ERK1/2 phosphorylation
induced by medium change (Fig. 3A). The effect of
replacing medium with fresh medium at 25 °C was also
examined. The ERKI1/2 phosphorylation pattern in
response to medium change with 25 °C medium was not
different from that of 37 °C medium (data not shown).
These results suggest that minor temperature changes
during medium change do not contribute significantly to
the alteration in ERK1/2 phosphorylation. To investigate
whether mechanical stress might be involved in the med-
ium change effects, ERK1/2 phosphorylation was mon-
itored in hepatocytes after shaking on a belly dancer at a
rotational frequency of 40 rpm for 20 or 60 s, with no
change of medium (Fig. 3B). Mechanical stress for 20 s
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increased ERK1/2 phosphorylation ~2.3-fold at 5 and
10 min with a return to basal levels by 30 min. When
hepatocytes were exposed to mechanical stress for 60 s,
ERK1/2 phosphorylation was increased to ~3.1-fold at
5 min and this increase declined slightly after 10 min (to
~?2-fold) with a return toward basal levels by 30 min (data
not shown). In contrast to the pattern of ERK1/2 phos-
phorylation observed with medium change, the decreased
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Fig. 3. Effect of temperature and mechanical stress associated with medium change on ERK1/2 phosphorylation in primary cultured rat hepatocytes. (A)
conditioned medium was replaced with fresh medium in dishes placed on a 37 °C heating block; (B) culture dishes, without change of medium, were shaken at a
rotational frequency of 40 rpm for 20 s. Time zero refers to hepatocytes harvested immediately before medium change or shaking. Data are mean £ S.D. of
immunoblot band densities of three preparations of cell lysates. Values with different letters are significantly different from each other, p < 0.05.

phosphorylation of ERK1/2 below basal levels at 30 min
and 1 h was not observed in response to mechanical stress
alone. Mechanical stress also increased the phosphoryla-
tion of JNK ~2.4-fold at 10 min without the subsequent
decrease in JNK phosphorylation (data not shown).

Both the components of Chee’s medium, and mediators
released from hepatocytes, such as reactive oxygen species,
can affect cellular signaling pathways [13,19]. This raises
the possibility that differences in components between fresh
medium and medium conditioned by 1 day of culture with
hepatocytes may play a role in alterations in MAPK phos-
phorylation induced by medium change. In order to test this
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possibility, we removed hepatocyte-conditioned medium
and added it back to the same dishes (Fig. 4A), or replaced
existing medium with Hanks’ balanced salt solution (HBSS)
(Fig. 4B). Re-addition of conditioned medium increased
ERK1/2 phosphorylation ~3.6-fold within 5 min (Fig. 4A),
comparable to ERK1/2 phosphorylation levels monitored in
cells 5 min following addition of fresh medium (Fig. 1A).
Replacing medium with HBSS at 37 °C also resulted in a
~6.7-fold increase in ERK1/2 phosphorylation within 5 min
(Fig. 4B). These results suggest that differences in medium
components between fresh medium and conditioned med-
ium may not be primarily responsible for the activation of
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Fig. 4. Effect of addition of conditioned medium or HBSS on ERK1/2 phosphorylation in primary cultured rat hepatocytes. (A) conditioned medium was
removed and added back to the same dish of hepatocytes; (B) conditioned medium was replaced with HBSS. Time zero refers to hepatocytes harvested
immediately before medium change. Data are mean =+ S.D. of immunoblot band densities of three preparations of cell lysates. Values with different letters are
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ERK1/2 following medium change. In contrast, both re-
addition of conditioned medium and replacement with
HBSS failed to cause the subsequent decrease in ERK1/2
phosphorylation below basal levels at 30 min and 1h
observed following medium change (Fig. 4A and B). These
results suggest that addition of components in fresh medium
are involved in mediating the decrease in ERK1/2 phos-
phorylation below basal levels in response to medium
change.

3.2. Role of oxidative stress in MAPK activation
during medium change

Existing evidence indicates that oxidative stress plays a
critical role in regulation of MAPK signaling pathways
[13,20]. To determine whether medium change results in
an alteration of cellular redox state, total GSH and oxidized
GSH (GSSG) were measured in hepatocytes 5 min, 10 min,
30 min, 1 h, 3 hand 24 h after medium change (Fig. SA and
B). Total GSH levels in hepatocytes were unaffected by
medium change (Fig. 5A), whereas GSSG levels were
markedly decreased (Fig. 5B). GSSG levels were
decreased to ~85% of the initial level within 5 min of
medium change, with a maximal decrease of 65% observed
at 1 h (Fig. 5B). Consequently, the ratio of GSSG to total
GSH, used as an indicator of redox state, decreased sig-
nificantly after medium change. To determine whether
medium change results in an alteration of lipid peroxida-
tion, MDA levels were measured using HPLC equipped
with a fluorescence detector (Fig. 5C). MDA levels were
decreased to ~75% of the initial level within 5 min of
medium change, which was maintained at least for 1 h.
This decrease diminished after 3 h with a return toward
basal levels by 24 h. These results indicate that sponta-
neous oxidative stress decreases as a result of medium
change.

To determine whether a difference in the antioxidant
capacity between fresh medium and hepatocyte-condi-
tioned medium could account for the decrease in sponta-
neous oxidative stress, oxy-radical scavenging capacity
toward peroxyl radicals and peroxynitrite was measured
using TOSC assay (Fig. 6). Peroxyl radicals were gener-
ated by thermal homolysis of 2,2’-azobis-amidinopropane
at 35 °C and peroxynitrite was produced by the decom-
position of SIN-1. TOSC assay is based on the reaction
between peroxyl radicals or peroxynitrite and alpha-keto-
gamma-methiolbutyric acid, which is oxidized to ethylene
[16]. Peroxyl radical-induced ethylene production was
decreased to 49 or 61% by fresh medium or conditioned
medium, respectively (Fig. 6A). Specific TOSC values
(TOSC standardized to 1 pl of medium) of fresh medium
or conditioned medium towards peroxyl radical were
2.56 £0.06 or 1.97 £0.02, respectively (p < 0.001,
two-tailed Student’s z-test). Addition of fresh medium or
conditioned medium in reaction vials inhibited peroxyni-
trite-induced ethylene formation by 46 or 32%, respec-

50
(A)
c
% 40
T .
; - T — T
30 -
£
°
£
£ 20
-
7]
o
E 10 A
(=]
=
0
0 5 10 30 1 3 24
Time (hr)
3
(B)
€
Q
o a
E 2 4 i e =
o b b
g’ = ¢ —
=
[=]
£
£ 4 d
(&} e
1]
7]
o
0
0 g 10 30 1 3 24
Time (hr)
0.5
©)
£ 04 " a
(]
5 1 T
o
£
=]
E 024
£
3
= 011
0.0
0 g 10 30 1 3 24
Time (hr)

Fig. 5. Effect of medium change on total GSH (A), GSSG (B) and MDA
levels in primary cultured rat hepatocytes. Cells were harvested at the
indicated times following medium change. Time zero refers to hepatocytes
harvested immediately before medium change. Data are mean & S.D. of
three to five preparations of cell lysates. Values with different letters are
significantly different from each other, p < 0.05.

tively (Fig. 6B). Specific TOSC values of fresh medium or
conditioned medium toward peroxynitrite  were
2.29 £ 0.04 or 1.58 +0.05, respectively (p < 0.001,
two-tailed Student’s t-test). These results indicate that
fresh medium has more antioxidant capacity than that of
medium conditioned by 24 h of culture with hepatocytes.

To examine the role of oxidative stress in the regulation
of ERK1/2 phosphorylation in response to medium change,
the effects of NAC, a water-soluble antioxidant, on ERK1/
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Fig. 6. Peroxyl radical (A) and peroxynitrite (B) scavenging time course for
fresh medium and conditioned medium. Conditioned medium was obtained
from hepatocytes cultured for 24 h with fresh medium. For the control
reaction, water was added instead of medium. Data are mean + S.D. of
triplicate.

2 phosphorylation were examined (Fig. 7). NAC was
spiked into medium followed by rotation on a belly dancer
at a rotational frequency of 40 rpm for 20 s. Two hours
after addition of NAC, medium was replaced with fresh
medium containing NAC. Control hepatocytes (NAC
alone) did not receive fresh medium or any culture dish
agitation. The addition of NAC alone, in the absence of
medium change, resulted in decreased basal phosphoryla-
tion of ERK1/2, relative to the level monitored at time zero,
at all time points except 24 h (Fig. 7). These data implicate
oxidative stress in mediating the basal phosphorylation of
ERK1/2 in primary cultured rat hepatocytes. Medium
change in addition to NAC treatment increased ERK1/2
phosphorylation by ~3-fold at 5 and 10 min, relative to
hepatocytes treated with NAC alone at identical time points
(Fig. 7), suggesting that the medium change-induced acti-
vation of ERK1/2 does not involve oxidative stress. Med-
ium change in addition to NAC treatment failed to result in
a further decrease in ERK1/2 phosphorylation below the
already decreased basal levels monitored in cells treated
with NAC alone at 30 min and 1 h (Fig. 7). This is in
contrast to the decrease in ERK1/2 phosphorylation below

NAC NAC + Medium Change
p-ERK [ I
ERK [ i s — | e e e i
0 5510301 324 0 5103001 3 24
_. 200
o NAC
qE: N NAC+Medium Change
E 150 - T
o
g kk
é 100
w 7
E .
- é
50 .
-0 -0 . /
o 1R 1
g nn 18
: R B Bom B

Time

Fig. 7. Effect of NAC on ERK1/2 phosphorylation in response to medium
change in primary cultured rat hepatocytes. Hepatocytes were treated with
NAC (5 mM) alone or NAC for 2 h followed by replacement of medium
with fresh medium containing NAC. Cells were harvested at the indicated
times following medium change. Time zero refers to hepatocytes that were
not treated with NAC and were harvested immediately before medium
change. Data are mean £+ S.D. of immunoblot band densities of three
preparations of cell lysates. *p < 0.05 or ***p < 0.001, respectively, are
significantly different than levels monitored in corresponding hepatocytes
treated with NAC alone.

basal levels at 30 min and 1 h following medium change in
the absence of NAC (Fig. 1A). One possible explanation
for this is that NAC treatment maximally reduced sponta-
neous oxidative stress levels such that any decrease in
oxidative stress levels resulting from medium change
would be overshadowed by the effect of NAC. Thus,
ERK1/2 phosphorylation may already be maximally
decreased by NAC, thereby precluding any additional
effect of medium change on ERK1/2 phosphorylation.
Taken together, these results suggest that inhibition of
spontaneous oxidative stress is responsible for the decrease
in ERK1/2 phosphorylation below basal levels at 30 min
and 1 h in response to medium change. Thus, the mechan-
ism(s) involved in ERKI1/2 activation and subsequent
deactivation in response to medium change appear to be
significantly different.

3.3. EGF- and insulin-mediated phosphorylation of
ERK1/2

MAPKSs play an important role in regulation of cell
functions in response to growth factors [21,22], although
the role of MAPKSs appears to be dependent on cell context.
However, there are inconsistencies in the literature as to
whether particular MAPKs are activated in response to
mechanical, oxidative, osmotic or heat stress. Moreover,
there are conflicting reports on the activation of MAPKs in
response to insulin in primary cultured rat hepatocytes [23—
27]. Our results raise the possibility that the reason for
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these discrepancies may be due to the effects of medium
change on basal phosphorylation of MAPKSs. In order to
examine this possibility, the phosphorylation of ERK1/2
was monitored in primary cultured rat hepatocytes in
response to medium change in the presence and absence
of EGF (as a positive control) and insulin (Fig. 8). EGF
treatment resulted in a substantial increase (6—40-fold) in
the phosphorylation of ERK1/2, relative to corresponding
control cells, at all time points examined (Fig. 8A). EGF
also produced a minimum 7-fold increase in ERK1/2
phosphorylation, relative to time zero hepatocytes, at all
time points (Fig. 8A). Insulin treatment increased ERK1/2
phosphorylation by ~2- to 3.5-fold, relative to correspond-
ing control cells, at each time point examined (Fig. 8B).
However, when insulin-mediated ERK1/2 phosphorylation
was compared with that of time zero hepatocytes, no
increase was evident at 30 min or 1 h (Fig. 8B).
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Fig. 8. Effect of EGF (A) or insulin (B) on ERK1/2 phosphorylation in
primary cultured rat hepatocytes. Medium was replaced with fresh medium
containing 50 ng/ml EGF or 10 nM insulin. Cells were harvested at the
indicated times following medium change. Data represent immunoblot band
densities of a single preparation of cell lysates.

4. Discussion

The major finding of this study is that medium change
results in immediate activation of MAPK signaling path-
ways, followed by a subsequent inactivation of MAPK
signaling, followed by a return to basal levels within 24 h.
Our findings indicate that mechanical stress is responsible
for the rapidly increased ERK1/2 phosphorylation in
response to medium change, suggesting that mechanical
stress can activate MAPKs in hepatocytes as it does in
endothelial cells [5,28]. We also demonstrate that medium
change results in subsequent inhibition of oxidative stress
in hepatocytes, which appears to mediate the decrease in
ERK1/2 phosphorylation below basal levels following the
initial increase. These results suggest that basal MAPK
phosphorylation may be regulated by the redox state of
primary cultured rat hepatocytes, although the mechan-
ism(s) responsible for regulation of redox state remains to
be determined.

In the present study, addition of fresh medium resulted
in a decrease in ERK1/2 phosphorylation below control
values at 30 min and 1 h, following the rapidly increased
phosphorylation of ERK1/2 at 5 and 10 min. In contrast,
decreased phosphorylation of ERK1/2 was not observed
when medium was replaced with conditioned medium or
HBSS. These results suggest that addition of components
in fresh medium may be involved in mediating the
decrease in ERK1/2 phosphorylation induced by medium
change. A number of studies have shown that redox state
plays arole in the regulation of ERK1/2 activation [13,20].
To test the possible involvement of redox state in the
decrease in ERK1/2 phosphorylation in response to med-
ium change, total GSH, GSSG and MDA levels were
determined. Interestingly, medium change resulted in
markedly decreased GSSG and decreased MDA levels,
but no change in total GSH levels was observed. These
data suggest that the decrease in spontaneous oxidative
stress resulting from addition of fresh medium may play a
role in the decrease in ERK1/2 phosphorylation below
basal levels observed 30 min and 1 h following medium
change. Total antioxidant capacity of fresh medium
toward peroxyl radicals and peroxynitrite was ~1.3-
and ~1.5-fold greater, respectively, compared with con-
ditioned medium. Although it remains to be determined
how medium change regulates redox state in primary
cultured rat hepatocytes, these data do demonstrate that
fresh medium change reinforces antioxidant capacity.
Moreover, treatment of hepatocytes with NAC decreased
basal phosphorylation of ERK1/2. These results suggest
that oxidative stress plays a critical role in regulation of
ERK1/2 in hepatocytes cultured in the absence of hor-
mones and growth factors as well as in hepatocytes in
response to medium change.

This study shows for the first time that mechanical stress
activates ERK1/2 in primary cultured rat hepatocytes.
Evidence indicates that mechanical stresses, such as fluid
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shear stress and circumferential stress, activate multiple
signal transduction molecules, such as ERK1/2 [29], ERKS
[30], INK [31,32] and p38 MAPK [33] in endothelial cells.
Moreover, it has been suggested that the mechanical stress-
induced activation of these signaling pathways may be
involved in regulation of proliferation, morphological
changes, and gene expression in endothelial cells
[29,33-35]. It remains to be determined, however, whether
MAPK activation induced by mechanical stress has an
important role in regulation of hepatocyte function.

The hepatic sinusoids, specialized hepatic capillaries,
are lined by a discontinuous layer of fenestrated sinusoidal
endothelial cells, which have an important filtration role.
The hepatic sinusoidal system contains double-barreled
structures formed by the sinusoidal lumen and the space of
Disse [36] and thus, hepatocytes are directly exposed to
blood pressure through the sieve plates. Sato et al. [2] have
suggested that hepatocytes as well as sinusoidal endothe-
lial cells are responsible for hepatic blood pressure due to
mechanical stress, the dragging frictional force created by
blood flow. Mechanical stress can be increased in patho-
physiological conditions, such as hepatic fibrosis and
cirrhosis, and hepatic surgery including experimental par-
tial hepatectomy and liver transplantation [1,2]. Schoen
et al. [4] suggested that a hemodynamic change results in
increased mechanical stress in partial hepatectomized liver
leading to the subsequent release of nitric oxide, which can
trigger the liver regeneration cascade. Significant reduc-
tions of albumin and urea synthesis have been observed in
cultured rat hepatocytes in response to mechanical stress
[37] and in regenerating rat liver after partial hepatectomy
[38,39]. These reports, together with the present study,
warrant further studies for determining the role of mechan-
ical stress-induced ERK1/2 activation in liver regeneration.

The results of the present study show that the phosphor-
ylation of MEK1/2 and Raf-1 is altered in hepatocytes in
response to medium change in a manner that parallels the
pattern of phosphorylation of ERK1/2. Medium change
rapidly increased the phosphorylation of MEK1/2 within
5 min followed by a substantial decrease, below control
values, at 30 min and 1 h. These results indicate that
MEKI1/2 serves as an upstream regulator of ERK1/2 in
response to medium change, similar to the regulation of
ERK1/2 activation in response to growth factors. Our data
demonstrate that Raf-1 phosphorylation on serine-259 and
serine-338 is regulated, in an opposing manner, in response
to medium change in primary cultured rat hepatocytes. The
regulation of Raf kinases is a complex process involving
inter- and intra-molecular interactions, as well as phos-
phorylation of the regulatory and catalytic domains of the
protein [17]. It is believed that serine-338 phosphorylation
is a good indicator of Raf-1 activation, whereas serine-259
is phosphorylated in resting cells. Recent studies suggest
that phosphorylation of serine-259 along with phosphor-
ylation of serine-621 creates an auto-inhibited conforma-
tion state maintained by a 14-3-3 dimer [11]. The binding

of Raf-1 to Ras and translocation to the plasma membrane
can displace 14-3-3 from phosphoserine-259, which makes
it accessible to dephosphorylation by protein phosphatase
2A [40]. Our results suggest that Raf-1 is regulated by both
phosphorylation and dephosphorylation in hepatocytes in
response to medium change.

In general, ERK1/2 are phosphorylated and activated
within a few minutes in response to growth factors or
stresses. In the present study, phosphorylation of ERK1/2
was also increased within 5 min following medium change
or physical agitation of hepatocytes. We raised the question
whether ERK1/2 activation in hepatocytes in response to
the mechanical stress resulting from medium change might
interfere with the determination of ERK1/2 activation in
response to growth factors. Our results demonstrate that
maximal ERKI1/2 phosphorylation was substantially
greater in response to the growth factor EGF than in
response to medium change (~20-fold versus ~4-fold,
respectively), and the time course of ERK1/2 phosphor-
ylation differed in response to insulin relative to medium
change (maximal at 10 min versus 5 min, respectively).
Thus, ERK1/2 activation in response to growth factors can
be differentiated from that in response to medium change.
However, these results suggest that an identical time point
control group is required to determine ERK1/2 phosphor-
ylation in response to weak stimuli.

In summary, the results of the present study suggest that
medium change results in immediate activation of the
MAPK signaling pathway due to mechanical stress, fol-
lowed by a subsequent inactivation of MAPK signaling due
to a reduction in oxidative stress levels. Moreover, this
study suggests that Raf-1 may be regulated in hepatocytes
by both phosphorylation and dephosphorylation in
response to medium change, and that Raf-1 serves as an
upstream regulator of MEK1/2 and ERK1/2 in response to
medium change. Future investigations defining both the
upstream and downstream signaling events involved in
mechanical stress- and oxidative stress-dependent regula-
tion of MAPKs will advance our understanding of the
regulation of hepatocyte function in physiological and
pathological conditions.
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