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1. ABSTRACT

Aquaporin 3 (AQP3) has been shown to be
low in the amnion and chorion tissues of patients with
oligohydramnios and that S. miltiorrhiza, a Chinese herbal
medicine, results in increased AQP3 in human amniotic
epithelial cells (hAECs). Here, we provide evidence for
the involvement of the JNK pathway in AQP3 regulation
in isolated oligohydramnios tissues in vitro, in hAECs
derived from normal amniotic fluid and fluid from patients
with isolated oligohydramnios. Phosphorylation of JNK
was suppressed by pretreatment of cells with JNK-
specific inhibitor (SP600125) and was up-regulated by
S. miltiorrhiza; S. miltiorrhiza combined with SP600125
prevented SP600125-induced down-regulation  of
phospho-JNK both in normal amniotic fluid volume and
in isolated oligohydramnios. In isolated oligohydramnios,
AQP3 expression was significantly suppressed by
SP600125 in a concentration- and time-dependent
mannner, while its expression was up-regulated by
S. miltiorrhiza. S. miltiorrhiza combined with SP600125
inhibited the increased expression of AQP3 relative to the
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S. miltiorrhiza treated group. Together, the data suggest
that c-jun N-terminal kinase (JNK) pathway unerlies the
regulation of AQP3 by S. miltiorrhiza amnion and chorion
tissues.

2. INTRODUCTION

Amnioticfluid (AF) provides anideal environment
for fetal growth and development. Oligohydramnios
is a condition defined by amniotic fluid volume (AFV)
smaller than 300 mL (1). This condition is clearly linked
to pathologies that can lead to significant perinatal
mortality and long-term morbidity (2). Oligohydramnios
is associated with an increased risk of umbilical cord
occlusion, fetal growth restriction, operative deliveries,
and stillbirth at term (3). The prevention and treatment
of oligohydramnios present a considerable challenge
because of an incomplete understanding of the
pathological and physiological mechanisms that underlie
this condition. Recent studies suggest that the regulation
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of placental water transfer and intramembranous
resorption may be critical for AFV modulation, and
aquaporins (AQPs) may play an important role in this
process (4-6).

AQPs are a family of small hydrophobic integral
membrane proteins. They function as water-selective pores
and regulate the flow of water across a variety of biological
membranes (7, 8). Expression of the AQP3 gene and the
presence of the AQP3 protein have been documented in
human placenta and fetal membranes (9-12). We found
that AQP3 protein levels are lower in oligohydramnios
patient amnion than in normal AFV (9). Previous work
from others and from our laboratory has indicated that
alteration in the expression of AQP3 in the fetal membrane
may be important to the pathophysiology of isolated
oligohydramnios.

In Chinese herbal medicine, Salvia
miltiorrhiza extract has been widely used for the
treatment of cardiovascular and neurodegenerative
diseases (13, 14). Multiple pharmacological activities
of S. miltiorrhiza have been identified, including anti-
oxidant and anti-inflammatory activities, and the extract
is used to treat miscarriage, edema, and platelet
aggregation (15-18). In recent years, clinical research has
confirmed that S. miltiorrhiza effectively improves AFV
in oligohydramnios, with approximately 70% cases
were found AFV increased (19). In a previous study, we
demonstrated that S. miltiorrhiza extract increased AQP3
protein levels in human primary culture amnion
epithelium cells (hAECs) obtained from normal AFV
and from patients with isolated oligohydramnios (20).
However, the mechanism underpinning the modulation of
AQP3 levels by S. miltiorrhiza is poorly understood.

Mitogen-activated protein kinases (MAPKSs)
are responsible for many cellular events, from complex
developmental programs, such as embryogenesis, cell
growth, inhibition, and apoptosis, to short-term changes
required for stress and acute hormonal responses (21, 22).
One MAPK subgroup, c-jun N-terminal kinases (JNKs), is
ubiquitous; JNKs are known as stress-activated protein
kinases (23-25). Studies of cultured human retinal
pigment epithelial (RPE) cells showed that chemical
hypoxia increased AQP3 gene expression through JNK
activation (26). Furthermore, Zhang et al. (27) reported
that S. miltiorrhiza inhibited the growth of A549 non-small
cell lung cancer cells via the JNK pathway. Thus, we
hypothesized that the JNK pathway may also mediate S.
miltiorrhiza-regulated AQP3 expression in hAECs.

The purpose of this study was to investigate
whether AQP3 protein levels are regulated by JNK
pathway activation in cultured hAECs derived from normal
AFV and from patients with isolated oligohydramnios.
We also examined whether S. miltiorrhiza-induced AQP3
levels in cultured hAECs are mediated by activation of
the JNK pathway.
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3. MATERIALS AND METHODS

3.1. Patients
3.1.1. Selection of patients

Patients (n=120) who requested and had
undergone cesarean deliveries between January 2011
and November 2012 in the Second Affiliated Hospital
of Wenzhou Medical University were recruited for this
study. The cohort included 60 individuals with normal
AFV and 60 individuals with isolated oligohydramnios.
The age of the patients ranged from 20 to 32 years. The
patients had single pregnancy. They were at the 37- to
41-week gestation age, and had no history of illegal
drug use, oxytocin pregnancy induction, or drug abuse.
No intrauterine growth restriction or other pregnancy
complications, such as gestational or pre-gestational
diabetes, hypertensive disorders, or cardiovascular
diseases were noted. Fresh placental tissues were
obtained immediately after the patients gave birth;
the samples were randomly divided into groups and
processed (see Section 3.2.1.).

The study protocol was approved by the
Research Ethical Committee of the Second Affiliated
Hospital of Wenzhou Medical University and met the
standards of the Declaration of Helsinki. Informed
written consent was obtained from patients before tissue
collection.

3.1.2. Diagnosis criteria for oligohydramnios

AFV was assessed before cesarean delivery
with ultrasound imaging. The uterus was divided into four
quadrants during the assessment, with the linea nigra
and umbilicus as landmarks. The AF index (AFI, cm) is
the sum of the largest vertical pocket of amniotic fluid,
free of umbilical cord, within each uterus quadrant. For
every patient, three AFl measurements were performed
and averaged. A diagnosis of oligohydramnios was made
when AFl < 5 cm, with 8-18 cm AFI being considered
normal AF (28). Oligohydramnios was also defined as
AFV < 300 mL, while AFV 300-2,000 mL at the time of
cesarean section was considered normal (1). Patients in
the oligohydramnios group were excluded from the study
if AFV measured at cesarean delivery was inconsistent
with pre-operative AFI, as described by Horsager
et al. (29).

3.2. Methods
3.2.1. Cell culture

Cells (hAECs) were isolated from freshly
collected placenta tissues. Tissues were cut and
thoroughly washed to remove blood. Thereafter, they
were rinsed with phosphate-buffered saline (PBS). The
isolated amnion was then incubated with trypsin (Gibco,
USA) under sterile conditions for 60 min at 37 °C in
a water bath, with continuous shaking to dissociate
amnion epithelial cells. Dispersed cells were centrifuged
at 400 g for 20 min, 37 °C. The resultant deposit was
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Figure 1. AQP3 protein expression in the hAECs. A: AQP3
immunocytochemistry (yellow labeling) was performed on the hAECs.
Cell nuclei were visualized by blue staining. B: Primary antibody-free
incubations are presented as negative controls. Magnification: x200.
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Figure 2. Cell viability of primary cultured hAECs from normal AFV or
isolated oligohydramnios treated with different doses of SP600125
measured by CCK-8 technique. The hAECs were treated with different
concentrations of SP600125 (0, 5, 10, 20 and 40umol/L). Controls
consisted of cells treated with 10% fetal bovine serum (control). Data are
representative of 6 experiments made in duplicate. Results are expressed
as percentage of controls. Statistical analyses were done by using one-
way analysis of variance followed by the LSD multiple comparison tests.

transferred to a fresh tube and subjected to additional
centrifugation, at 300 g for 5 min, 37 °C. Cells were plated
at a density of 1 x 10° cells per 60 mm dish (Corning,
USA), and incubated in 5% CO2 atmosphere at 37 °C,
in a complete culture medium comprising Dulbecco’s
Modified Eagle Medium (Gibco, USA), 10% fetal bovine
serum (Hangzhou Sijiging Bioengineering Material Co.,
Ltd., China), 100 IU/mL penicillin G, and 100 pg/mL
streptomycin. The culture medium was changed every
other day. Cells were passaged at a 1:2 split ratio every
5to 7 days.

For each patient group, samples from
20 patients were corrected and used in preliminary
experiments to establish the optimal S. miltiorrhiza
dosing and time point. The samples from remaining
40 patients were divided into four different treatment
groups: control group, JNK inhibitor SP600125 (Cell
Signaling Technology, USA) group, S. miltiorrhiza
(Shanghai New Asia Pharmaceutical Gaoyou Co. Ltd.,
China, batch number: 101227-3, specifications: 2 mL)
group, S. miltiorrhiza and SP600125 co-treatment group.
Cells were starved for 24 h in a serum-free medium
after reaching 60-80% confluence, and incubated in
the complete culture medium with different SP600125
concentrations (0, 5, 10, 20, and 40 pyM, in 0.1% (v/v)
dimethyl sulfoxide) for 2 h. Once the optimal SP600125
concentration was established, exposure time was varied
(0, 1, 2, 4, and 8 h) to further optimize the treatment
conditions. Dimethyl sulfoxide (0.1% v/v) was used as
a solvent control. The cells were then incubated in the
presence or absence of 5 mg/mL S. miltiorrhiza for 12 h.
The dosage of S. miltiorrhiza was as established in our
previous study (20).

3.2.2. Cell counting kit-8 (CCK-8) assay

Cells (hAECs) were seeded in 96-well plates,
1 x 10* cells/well, and incubated at 37 °C, in 5% CO2
atmosphere. The culture medium was removed after 24 h
and cells treated as follows: CCK-8 (10 pL) (Dojindo,
Japan) was added to each well and incubated for
additional 1 to 4 h. Spectrophotometric quantification,
AN = 450 nm, followed, and percentage viability was
calculated as (absorbance of treated cells/absorbance of
non-treated cells) x 100. The dimethyl sulfoxide: culture
medium ratio was 1.6: 1000.

3.2.3. Immunocytochemistry

Cells were washed with PBS, fixed in 4%
paraformaldehyde in PBS for 15 min, extensively washed
with PBS, and permeabilized in 0.2% Triton X-100 in
PBS for 15 min. They were then blocked in a serum-
free blocking solution for 15 min. Cells were incubated
with primary anti-AQP3 antibody (anti-human, produced
in rabbits; 1:100 dilution; product no. BA1559, Boster,
China), overnight, at 4 °C. After extensive washing with
PBS, cells were incubated with biotinylated rabbit anti-
human IgG secondary antibody, 30 min, at 37°C. The
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Figure 3. Effect of Salvia miltiorrhiza injection on the viability of hAECs.
Cell viability of primary cultured hAECs with normal AFV and isolated
oligohydramnios treated with SP600125 in the presence or absence of
5mg/mL Salvia miltiorrhiza injection measured by CCK-8 assay. Controls
consisted of cells treated with 10% fetal bovine serum (control). Data are
presented as the mean * standard of 6 independent experiments. Results
are expressed as percentage of controls. Statistical analyses were done
by using one-way analysis of variance followed by the LSD multiple
comparison tests.

staining was developed using 3,3-diaminobenzidine
as the substrate. Finally, nuclei were stained with
hematoxylin. In the negative controls, PBS was used
instead of the primary antibody.

3.2.4. Cell lysate preparation and Western blot
analysis

Whole-cell lysates were prepared using ice-
cold cell lysis buffer (50mM Tris(pH 7.4), 150mM NaCl,
1% NP-40, 0.5 % sodium deoxycholate, 0.1% SDS).
Proteins were collected from supernatants cells lysates
by centrifugation (14,000 g for 20 min, 4 °C). Proteins
were quantified by bicinchoninic acid (Beyotime,
China) method, as described (20). Proteins (8 ug) were
solubilized in sample buffer (4% SDS, 30 mM dithiotreitol,
0.25 M sucrose, 0.01 M EDTA-NaZ, 0.075% bromophenol
blue), and heated at 100 °C for 5 min. Lysates were
separated by electrophoresis on 12% sodium dodecyl
sulfate-polyacrylamide gels and then electroblotted onto
PVDF membranes (Millipore, USA) in the cold for 45 min
at 300 mA using a Mini-Wet blot transfer system (Bio-
Rad Laboratories, CA, USA). Membranes were blocked
for 2 h at room temperature (20 °C to 25 °C) in 0.05 M
Tris-buffered saline with 0.5% Triton X-100 (TBS-T,
pH 7.4) and 5% skimmed milk, and then incubated with
the appropriate primary antibody raised against human
antigens, in TBS-T, at 4 °C overnight: anti-phospho-
JNK (anti-human, produced in rabbits; 1:1,000 dilution;
product no. 9668, CST, USA); anti-JNK (anti-human,
produced in rabbits; 1:1,000 dilution; product no. 9258,
CST, USA); anti-AQP3 (anti-human, produced in rabbits;
1:300 dilution); or anti-GAPDH (anti-human, produced in
mouse;1:2,000 dilution; product no. AG019-1, Beyotime,
China). After washing with TBS-T, the membranes were

incubated with horseradish peroxidase-conjugated
secondary antibodies (1:2,000 dilution; anti-rabbit-lgG
or anti-mouse-IgG, both produced in goat; Hangzhou
Sijiging Bioengineering Material Co., Ltd., China), 1 h at
room temperature. Blots were developed by enhanced
chemiluminescence. Bands were quantified using
Quantity One software (BioRad, USA). Protein band
intensities were analyzed with Labworks software. The
GAPDH protein signal was used as an internal control to
normalize protein loading.

3.2.5. Statistical methods

Statistical analysis was performed using
SPSS 17.0 software. For normal data distribution
and homogeneity of variance, quantitative data were
presented as mean t standard deviation, differences
between two groups were analyzed by Student’s t-test,
and differences among multiple groups were analyzed by
one-way ANOVA. If the variances were homogeneous,
least significance difference (LSD) method was used
for two-group comparisons. If the variances were
nonhomogeneous, Dunnett's T3 method was used.
P < 0.05 was considered statistically significant.

4. RESULTS

4.1. AQP3 localization is unchanged in
oligohydramnios-derived hAECs and is not
affected by SP600125

Immunocytochemistry with anti-AQP3 antibody
was performed to determine cellular localization
and levels of AQP3 protein in hAECs. AQ3-specific
signals were detected in both the cytoplasm and cell
membrane, with the strongest staining in cytoplasm
(Figure 1). No obvious difference in AQP3 localization
was detected between hAECs derived from normal
AFV and those derived from isolated oligohydramnios
tissues. Furthermore, no significant differences were
observed in AQP3 localization between normal AVF- and
oligohydramnios-derived hAECs submitted to different
SP600125 dosing regimes.

4.2. JNK inhibitor SP600125 treatment results
in a time- and dose-dependent decrease in
hAEC p-JNK levels

CCK-8 assay was used to assess SP600125
toxicity against primary hAECs. As shown in Figure 2,
the tested SP600125 concentrations (0 to 40 uM) were
not toxic to hAECs over the 2-h treatment period, thus
excluding possible nonspecific cytotoxicity effects on
JNK levels. Similarly, SP600125 (10 or 20 uM), alone or
in combination with S. miltiorrhiza (5 mg/mL), was not
toxic to hAECs (Figure 3), thus excluding nonspecific
cytotoxicity effects on protein levels.

To determine whether the JNK signaling

pathway may be implicated in regulating AQP3 levels in
hAECs, cells were subjected to various SP600125 dosing
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Figure 4. Effect of SP600125 on JNK/p-JNK/AQP3 protein expression in primary cultured the hAECs from normal AFV. The hAECs were treated with
0, 5, 10, 20 and 40umol/L SP600125 for 2 h. Then cells were submitted to 10uM SP600125 at different time points (0, 1, 2, 4 and 8 hours). Protein
expression (p-JNK, JNK and AQP3) were detected by Western blot analysis. GAPDH level was used as internal controls. A and C: Effects of SP600125
on the expression of total JNK1/2, p-JNK1/2 and AQP3 in the hAECs by Western blot. B and D: The relative expression level of total JNK1/2, p-JNK1/2
and AQP3. Data are shown as the mean + standard from at least 3 independent experiments. Statistical analysis was conducted using ANOVA with a LSD
post test. A P value less than 0.05 was considered as statistically significant. (*indicates that P < 0.05 vs. control; #indicates that P < 0.05 vs. 5 pmol/L).

regimes, as described in the Materials and Methods.
JNK, p-JNK, and AQP3 protein levels were analyzed by
western blotting. The optimal SP600125 dosing regimes
were found to be 10 pM.

In normal AFV-derived hAECs, no significant
differences in total JNK levels were observed between
groups (Figure 4 A&B). However, JNK phosphorylation
was considerably lower in 5-40 yM SP600125-treated
cells than in untreated controls (2 h treatment), while
the lowest level was at 10 yM SP600125 concentration.
Phosphorylated JNK (p-JNK) levels significantly
decreased 2 h after 10 yM SP600125 exposure and the
decrease continued up to 8 h (Figure 4 C&D).

Total JNK levels in isolated oligohydramnios-
derived cells did not significantly differ from those in
the normal AFV group (Figure 5 A&B). At least 10 M
SP600125 was required to inhibit p-JNK. Pronounced
p-JNK inhibition was observed after exposure to 20 uM
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SP600125. A substantial and significant decline in
p-JNK levels was observed in cells treated with 20 uM
SP600125 for 1 h, and the decrease continued up to 8 h
(Figure 5 C&D).

In a negative control group (no SP600125
treatment), no changes in JNK and p-JNK protein
levels were observed with prolonged incubation times.
Collectively, our data indicate that SP600125 inhibits
p-JNK levels in a concentration- and time-dependent
manner in both normal term AFV- and isolated
oligohydramnios-derived hAECs.

4.3. JNK inhibitor SP600125 suppresses AQP3
levels in isolated oligohydramnios-derived
hAECs

In normal AFV-derived hAECs, 2 h SP600125
(0 to 40 uyM) treatment or varying-time exposure to
10 uM SP600125 did not lead to significant differences in
AQP3 protein levels from those in the untreated control
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Figure 5. Effect of SP600125 on JNK/p-JNK/AQP3 protein expression in primary cultured hAECs from isolated oligohydramnios. The hAECs were
treated with 0, 5, 10, 20 and 40pmol/L SP600125 for 2 h. Then cells were submitted to 20uM SP600125 at different time points (0, 1, 2, 4 and 8 hours).
Protein expression (p-JNK, JNK and AQP3) were detected by Western blot analysis. A and C: Effects of SP600125 on the expression of total JNK1/2,
p-JNK1/2 and AQP3 in the hAECs by Western blot. B and D: The relative expression level of total JINK1/2, p-JNK1/2 and AQP3. Control represents cells
submitted to fetal bovine serum at different time points but not stimulated with SP600125. The expression levels were expressed as the ratios between
JNK/p-JNK/AQP3 and GADPH protein expression levels, and were compared with those at time zero. Data are shown as the mean * standard from at
least 3 independent experiments. Statistical analysis was conducted using ANOVA with a LSD post test. A P value less than 0.05 was considered as
statistically significant. (*indicates that P < 0.05 vs. control; #indicates that P < 0.05 vs. 5 ymol/L; **indicates that P < 0.05 vs. 10 ymol/L).

(Figure 4), indicating that the JNK pathway may not be
involved in regulating AQP3 levels in normal AFV.

In isolated oligohydramnios-derived hAECs,
10 uyM SP600125 was required to decrease AQP3
levels, while the lowest AQP3 levels was observed after
20 uM SP600125 treatment (Figure 5). A significant
decline in AQP3 protein levels was observed 1 h in
cells treated with 20 yM SP600125, and the decrease
continued up to 8 h. SP600125 affected AQP3 levels in
a concentration- and time-dependent manner, indicating
that the JNK pathway may be involved in activating AQP3
in isolated oligohydramnios-derived hAECs.

In a negative control group, not submitted to
SP600125 treatment, no changes in AQP3 protein levels
were apparent with changing incubation times. Together,
these results indicate that SP600125 suppresses
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intracellular AQP3 levels via JNK pathway in isolated
oligohydramnios-derived hAECs.

4.4. S. miltiorrhiza treatment results in
increased hAEC p-JNK levels but does not
affect hAEC JNK levels

To assess the involvement of JNK signaling
pathway in S. miltiorrhiza regulation of AQP3 levels,
hAECs were incubated in the presence or absence of
SP600125 (normal AFV material: 10 yM SP600125,
2 h; isolated oligohydramnios material: 20 M SP600125,
1 h), with and without S. miltiorrhiza supplementation
(5 mg/mL for 12 h after SP600125 used in the
co-incubation experiments).

Total JNK levels did not change in response

to the treatment in normal AFV-derived material, as
shown in Figure 6 A&B. Phosphorylated JNK levels were
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Figure 6. Effects of Salvia miltiorrhiza and/or SP600125 on the JNK activation and the expression of AQP3 in the hAECs from normal amniotic fluid
volume or isolated oligohydramnios. The cells were treated with SP600125 in the presence or absence of 5mg/mL Salvia miltiorrhiza measured by
Western blot. The expression profiles of JNK, p-JNK and AQP3 proteins in the hAECs were analyzed as described in the text. The expression levels of
these proteins were normalized to that of GAPDH. Data are shown as the mean * standard from at least 3 independent experiments. Statistical analysis
was conducted using ANOVA with a LSD post test. A: Effects of Salvia miltiorrhiza and/or SP600125 on the expression of total JNK1/2, p-JNK1/2 and
AQP3 in the hAECs from normal amniotic fluid volume by Western blot; B: The relative expression level of total JNK1/2, p-JNK1/2 and AQP3 in the
hAECs from normal amniotic fluid volume; C: Effects of Salvia miltiorrhiza and/or SP600125 on the expression of total JINK1/2, p-JNK1/2 and AQP3 in the
hAECs from isolated oligohydramnios by Western blot; D: The relative expression level of total JNK1/2, p-JNK1/2 and AQP3 in the hAECs from isolated
oligohydramnios. (*indicates that P < 0.05 vs. control cultures; #indicates that P < 0.05 vs. Salvia combined with SP600125-treated cultures).

significantly increased in hAECs after 12 h-incubation
with 5 mg/mL S. miltiorrhiza (P < 0.05), but the increase
was not as pronounced when cells were co-treated with
SP600125 and S. miltiorrhiza (P < 0.05). Meanwhile,
p-JNK levels were higher in co-treated cells than in
SP600125-only treated cells and the control group
(P < 0.05).

Similar results were obtained in hAECs from
isolated oligohydramnios tissues (Figure 6 C&D).

4.5. S. miltiorrhiza and SP600125 exert different
effects on AQP3 protein levels in normal
AFV- and isolated oligohydramnios-derived
hAECs

In normal AFV-derived hAECs, as shown
in Figure 6 A, AQP3 protein levels were higher upon

264

S. miltiorrhiza treatment for 12 h than with SP600125
(P < 0.05). Co-treatment with SP600125 did not
significantly alter AQP3 protein levels from those
observed in cells treated with S. miltiorrhiza alone. This
indicated that S. miltiorrhiza regulation of AQP3 levels
may not proceed via JNK signaling pathway in normal
AFV hAECs. However, in isolated oligohydramnios-
derived cells, AQP3 protein levels increased after
12 h S. miltiorrhiza when compared with SP600125
(P < 0.05), and co-treatment with SP600125 attenuated
S.  miltiorrhiza-induced  up-regulation of AQP3
(Figure 6 B).

Taken together, these results suggest that
JNK signal transduction pathway may be involved in
S. miltiorrhiza-induced AQP3 regulation in hAECs derived
from isolated oligohydramnios tissues.
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5. DISCUSSION

The JNK pathway is a central component of
intracellular signaling networks that regulate cell stress,
apoptosis, and the cell cycle (25, 30). This pathway can
be activated by various stress factors, while the same
protein kinase signal transduction cascade ultimately
modulates gene expression and protein synthesis.
JNK antagonist SP600125 has been reported to down-
regulate the expression of AQP7 mRNA in C3H/HeN
mice (31). Furthermore, it has been suggested that
hypoxic expression of AQP3 in cultured human RPE
cells is mediated by JNK signal transduction cascade
activation (26). Activation of the JNK pathway has also
been associated with AQP up-regulation in various cell
systems and in response to various stimuli (32, 33). In
the present study, we demonstrated that SP600125,
a specific JNK antagonist, effectively inhibited
phosphorylation of JNK in hAECs, while the overall
JNK levels were unaffected. The data presented here
revealed that SP600125 prevented AQP3 synthesis in
isolated oligohydramnios-derived hAECs, suggesting
that a decrease in amnion AQP3 levels in these cells
occurs via JNK pathway. In normal-term AFV-derived
hAECs, no statistically significant difference was
observed in AQP3 levels after SP600125 treatment.
Our findings thus suggest that the regulation of
normal amnion AQP3 levels occurs via a JNK-
independent pathway. The JNK pathway may be an
important therapeutic target in the treatment of isolated
oligohydramnios. Furthermore, our CCK-8 analysis
showed that the JNK pathway inhibitor SP600125,
alone or in combination with S. miltiorrhiza, was not
toxic toward hAECs. This highlights the notion that
S. miltiorrhiza may be safely explored for selective
treatment of oligohydramnios.

The exact mechanism of the regulation
of AQP3 level by S. miltiorrhiza is unclear. In this
study, we evaluated AQP3 levels in hAECs exposed
to S. miltiorrhiza during a simultaneous JNK
inhibition. We found that S. miltiorrhiza treatment
resulted in significantly elevated AQP3 levels in a
concentration- and time-dependent manner. Further,
we showed that in hAECs exposed to S. miltiorrhiza
for 12 h, p-JNK and AQP3 protein levels significantly
increased. This effect was partly inhibited by SP600125
in isolated oligohydramnios-derived cells. In normal
AFV-derived cells, JNK phosphorylation inhibition did
not prevent AQP3 protein production, indicating that S.
miltiorrhiza-induced AQP3 regulation may be modulated
by JNK-independent factors. The second-messenger
cyclic adenosine monophosphate (cAMP) has been
implicated in the up-regulation of AQP3 expression in
the amnion (10) and might be a candidate modulator
of physiological effects of S. miltiorrhiza. However, the
exact mechanisms involved in S. miltiorrhiza-regulated
AQP3 production in hAECs require further investigation.
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6. CONCLUSIONS

In conclusion, the present study demonstrates
for the first time SP600125 regulation of hAEC AQP3
protein levels and a regulatory link between the JNK
pathway and AQP3 in isolated oligohydramnios material
in vitro. Furthermore, this is also the first report of the
involvement of the JNK pathway in the up-regulation of
AQP3 by S. miltiorrhiza in hAECs derived from isolated
oligohydramnios tissues. Other mechanisms may be
implicated in S. miltiorrhiza-associated alteration of
AQP3 levels in hAECs and they require further study.

These results encourage the continued
evaluation of JNK pathway activation as a potential
therapeutic target for oligohydramnios.

7. ACKNOWLEDGEMENTS

Qi Shen and Jingjing Wang contributed equally
to this work and they are the first co-authors. This
work was supported by grants from Zhejiang Province
Administration of Traditional Chinese Medicine Key
Projects (No. 2010ZZ009) and Zhejiang Provincial
Program for the Cultivation of High-Level Innovative
Health Talents. The study sponsors had no involvement in
study design; in the collection, analysis, and interpretation
of data; in the writing of the report; or in the decision to
submit the article for publication.

8. REFERENCES

Croom CS, Banias BB, Ramos-Santos
E, Devoe LD, Bezhadian A, Hiett AK: Do
semiquantitative amniotic fluid indexes reflect
actual volume? Am J Obstet Gynecol 167,
995-999 (1992)

DOI: 10.1016/S0002-9378(12)80026-3

Harman CR: Amniotic fluid abnormalities.
Semin Perinatol 32, 288-294 (2008)
DOI: 10.1053/j.semperi.2008.04.012

Manzanares S, Carrilo MP, Gonza’'lez-
Pera’n E, Puertas A, Montoya F: Isolated
oligohydramnios in term pregnancy as an
indication for induction of labor. J Matern Fetal
Neonatal Med 20, 221-224 (2007)
DOI: 10.1080/14767050601127391

Beall MH, van den Wijngaard JP, van Gemert
MJ, Ross MG: Regulation of amniotic fluid
volume. Placenta 28, 824-832 (2007)
DOI: 10.1016/j.placenta.2006.12.004

Prat C, Blanchon L, Borel V, Gallot D, Herbet
A, Bouvier D, Marceau G, Sapin V: Ontogeny
of aquaporins in human fetal membranes. Biol

© 1996-2017


http://dx.doi.org/10.1016/S0002-9378%2812%2980026-3
http://dx.doi.org/10.1053/j.semperi.2008.04.012
http://dx.doi.org/10.1080/14767050601127391
http://dx.doi.org/10.1016/j.placenta.2006.12.004

Salvia miltiorrhiza regulates aquaporin 3 expression via JNK pathway

10.

1.

12.

13.

14.

15.

Reprod 86, 48 (2012)
DOI: 10.1095/biolreprod.111.095448

Mann SE, Nijland MJ, Ross MG: Mathematic
modeling of human amniotic fluid dynamics.
Am J Obstet Gynecol 175, 937-944 (1996)
DOI: 10.1016/S0002-9378(96)80028-7

Hara-Chikuma M, Verkman AS: Roles
of aquaporin-3 in the epidermis. J Invest
Dermatol 128, 2145-2151 (2008)

DOI: 10.1038/jid.2008.70

Verkman AS, Van Hoek AN, Frigeri A, Skach
WR, Mitra A, Tamarappoo BK: Water transport
across mammalian cell membranes. Am J
Physiol 270, C12-C30 (1996)

Zhu XQ, Jiang SS, Zhu XJ, Zou SW, Wang
YH, Hu YC: Expression of aquaporin 1
and aquaporin 3 in fetal membranes and
placenta in human term pregnancies with
oligohydramnios. Placenta 30, 670-676(2009)
DOI: 10.1016/j.placenta.2009.05.010

Wang S, Amidi F, Beall M, Gui L, Ross MG:
Aquaporin 3 expression in human fetal
membranes and its up-regulation by cyclic
adenosine  monophosphate in  amnion
epithelial cell culture. J Soc Gynecol Investig
13, 181-185 (2006)

DOI: 10.1016/j.jsgi.2006.02.002

Mann SE, Ricke EA, Yang BA, Verkman AS,
Taylor RN: Expression and localization of
aquaporin 1 and 3 in human fetal membranes.
Am J Obstet Gynecol 187, 902-907 (2002)
DOI: 10.1067/mob.2002.127168

Beall MH, Wang S, Yang B, Chaudhri N,
Amidi F, Ross MG: Placental and membrane
aquaporin water channels: correlation with
amniotic fluid volume and composition.
Placenta 28, 421-428 (2007)

DOI: 10.1016/j.placenta.2006.06.005

Cheng TO: Cardiovascular effects of Danshen.
Int J Cardiol 121, 9-22 (2007)
DOI: 10.1016/j.ijcard.2007.01.004

Mahesh R, Jung HW, Kim GW, Kim YS,
Park YK: Cryptotanshinone from Salviae
miltiorrhizae radix inhibits sodium-
nitroprusside-induced apoptosis in neuro-2a
cells. Phytother Res 26, 1211-1219(2012)
DOI: 10.1002/ptr.3705

Kim SY, Moon TC, Chang HW, Son KH, Kang
SS, Kim HP: Effects of tanshinone | isolated
from Salvia miltiorrhiza bunge on arachidonic

266

16.

17.

18.

19.

20.

21.

22.

23.

24.

acid metabolism and in vivo inflammatory
responses. Phytother Res 16, 616-620 (2002)
DOI: 10.1002/ptr.941

Ng TB, Liu F, Wang ZT: Antioxidative activity
of natural products from plants. Life Sci 66,
709-723 (2000)

DOI: 10.1016/S0024-3205(99)00642-6

Park EJ, Zhao YZ, Kim YC, Sohn DH:
PF2401-SF, standardized fraction of Salvia
miltiorrhiza and its constituents, tanshinone
I, tanshinone IIA, and cryptotanshinone,
protect primary cultured rat hepatocytes from
bile acid-induced apoptosis by inhibiting JNK
phosphorylation. Food Chem Toxicol 45,
1891-1898 (2007)

DOI: 10.1016/j.fct.2007.04.005

Zhou L, Zuo Z, Chow MS: Danshen: an
overview of its chemistry, pharmacology,
pharmacokinetics, and clinical use. J Clin
Pharmacol 45, 1345-1359 (2005)
DOI: 10.1177/0091270005282630

Chu HN, Shen MJ: Treating oligohydramnios
with  extract of Salvia  miltiorrhiza:
A randomized control trial. Ther Clin Risk
Manag 4, 287-290 (2008)

Doi not found.

Zhang YW, Ma XY, Ding SD, Xie AL, Zhu XQ:
Effects of compound Salvia miltiorrhiza on
aquaporin 3 expression in human amniotic
epithelial cells. Zhongguo Zhong Xi Yi Jie He
Za Zhi 33, 51-55 (2013)

Doi not found.

Kyriakis JM, Avruch J: Mammalian mitogen-
activated protein kinase signal transduction
pathways activated by stress and
inflammation. Physiol Rev 81, 807-869(2001)
Doi not found.

Dong C, Davis RJ, Flavell RA: MAP kinases in
the immune response. Annu Rev Immunol 20,
55-72(2002)

DOI: 10.1146/annurev.immunol.20. 091301.
131133

Manning AM, Davis RJ: Targeting JNK for
therapeutic benefit: from junk to gold? Nat
Rev Drug Discov 2, 554-565(2003)

DOI: 10.1038/nrd1132

Boldt S, Kolch W: Targeting MAPK signalling:
Prometheus’ fire or Pandora’s box? Curr
Pharm Des 10, 1885-1905 (2004)
DOI: 10.2174/1381612043384420

© 1996-2017


http://dx.doi.org/10.1095/biolreprod.111.095448
http://dx.doi.org/10.1016/S0002-9378%2896%2980028-7
http://dx.doi.org/10.1038/jid.2008.70
http://dx.doi.org/10.1016/j.placenta.2009.05.010
http://dx.doi.org/10.1016/j.jsgi.2006.02.002
http://dx.doi.org/10.1067/mob.2002.127168
http://dx.doi.org/10.1016/j.placenta.2006.06.005
http://dx.doi.org/10.1016/j.ijcard.2007.01.004
http://dx.doi.org/10.1002/ptr.3705
http://dx.doi.org/10.1002/ptr.941
http://dx.doi.org/10.1016/S0024-3205%2899%2900642-6
http://dx.doi.org/10.1016/j.fct.2007.04.005
http://dx.doi.org/10.1177/0091270005282630
http://dx.doi.org/10.1146/annurev.immunol.20.091301.131133
http://dx.doi.org/10.1146/annurev.immunol.20.091301.131133
http://dx.doi.org/10.1038/nrd1132
http://dx.doi.org/10.2174/1381612043384420

Salvia miltiorrhiza regulates aquaporin 3 expression via JNK pathway

25.

26.

27.

28.

20.

30.

31.

32.

33.

Wagner EF, Nebreda AR: Signal integration
by JNK and p38 MAPK pathways in
cancer development. Nat Rev Cancer 9,
537-549 (2009)

DOI: 10.1038/nrc2694

Hollborn M, Ulbricht E, Reichenbach A,
Wiedemann P, Bringmann A, Kohen L:
Transcriptional regulation of aquaporin-3 in
human retinal pigment epithelial cells. Mol
Biol Rep 39, 7949-7956 (2012)

DOI: 10.1007/s11033-012-1640-x

Zhang J, Wang J, Jiang JY, Liu SD, Fu K,
Liu HY: Tanshinone IlA induces cytochrome
c-mediated caspase cascade apoptosis in
A549 human lung cancer cells via the JNK
pathway. Int J Oncol 45, 683-690 (2014)

Doi not found.

Phelan JP, Smith CV, Broussard P, Small
M: Amniotic fluid volume assessment with
the four-quadrant technique at 36-42 weeks’
gestation. J Reprod Med 32, 540-542 (1987)
Doi not found.

Horsager R, Nathan L, Leveno KJ: Correlation
of measured amniotic fluid volume and
sonographic predictions of oligohydramnios.
Obstet Gynecol 83, 955-958 (1994)

DOI: 10.1097/00006250-199406000-00011

Mansouri A, Ridgway LD, Korapati AL,
Zhang Q, Tian L, Wang Y, Siddik ZH, Mills
GB, Claret FX: Sustained activation of JNK/
p38 MAPK pathways in response to cisplatin
leads to Fas ligand induction and cell death
in ovarian carcinoma cells. J Biol Chem 278,
19245-19256 (2003)

DOI: 10.1074/jbc.M208134200

Yao C, Purwanti N, Karabasil MR, Azlina
A, Javkhlan P, Hasegawa T, Akamatsu T,
Hosoi T, Ozawa K, Hosoi K: Potential down-
regulation of salivary gland AQP5 by LPS via
cross-coupling of NF-kappaB and p-c-Jun/c-
Fos. Am J Pathol 177, 724-734 (2010)

DOI: 10.2353/ajpath.2010.090282

Chu H, Tang Y, Dong Q: Protection of Vascular
Endothelial Growth Factor to Brain Edema
Following Intracerebral Hemorrhage and lts
Involved Mechanisms: Effect of Aquaporin-4.
PLoS One 8, 66051 (2013)

DOI: 10.1371/journal.pone.0066051

Hasler U, Nunes P, Bouley R, Lu HA,
Matsuzaki T, Brown D: Acute hypertonicity

267

alters aquaporin-2 ftrafficking and induces
a MAPK-dependent accumulation at the
plasma membrane of renal epithelial cells.
J Biol Chem 283, 26643-26661 (2008)

DOI: 10.1074/jbc.M801071200

Abbreviations: AF: Amniotic fluid; AFV: amniotic
fluid volume; AQPs: aquaporins; hAECs: human
primary culture amnion epithelium cells; MAPKs:
Mitogen-activated protein kinases; JNK: C-jun
N-terminal kinase; AFl: AF index; PBS: phosphate
buffered saline; CCK-8: cell counting kit-8.

Key Words: Isolated Oligohydramnios, Human
Amnion Epithelium Cells, Aquaporin3, Salvia
Miltiorrhiza, JNK Signal Transduction Pathway

Send correspondence to: Xuegiong Zhu,
Department of Obstetrics and Gynecology, the
Second Affiliated Hospital of Wenzhou Medical
University, Wenzhou, Zhejiang, 325027, China,
Tel: 86-577-88002796, Fax: 86-577-88002560,
E-mail: zjwzzxq@yeah.net

© 1996-2017


http://dx.doi.org/10.1038/nrc2694
http://dx.doi.org/10.1007/s11033-012-1640-x
http://dx.doi.org/10.1097/00006250-199406000-00011
http://dx.doi.org/10.1074/jbc.M208134200
http://dx.doi.org/10.2353/ajpath.2010.090282
http://dx.doi.org/10.1371/journal.pone.0066051
http://dx.doi.org/10.1074/jbc.M801071200
mailto:zjwzzxq@yeah.net

