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ARTICLE INFO ABSTRACT

Iron is an essential element for multiple metabolic reactions, but excessive iron accumulation in the brain can
lead to astrocyte swelling and death and cause cerebral edema. Aquaporin-4 (AQP4) is the important water
channel expressed in the astrocytes, and maintains the water homeostasis of the brain. Previous study has shown
that iron deposition could increase AQP4 expression, however, the mechanism of AQP4 expression upregulation
after iron overload is still unclear. In this study, we investigated the effect of ferrous iron overload on AQP4
expression in cultured mouse astrocytes. Primary cultures of astrocytes were exposed to ferrous iron, and the
expression of AQP4 as well as the swelling of astrocyte were determined. AQP4 expression was inhibited by
small interfering RNA (siRNA). The role of oxidative stress and mitogen-activated protein kinases (MAPKs)
signaling pathway in ferrous iron-induced AQP4 expression upregulation were further studied. Ferrous iron
exposure induced astrocyte death as well as cell swelling, and increased AQP4 expression. AQP4 gene silencing
after siRNA transfection attenuated ferrous iron-induced astrocyte death. After treatment with antioxidants, the
increased AQP4 expression was diminished. MAPKs were activated after ferrous iron treatment, and inhibitors of
ERK and p38-MAPK relieved AQP4 expression upregulation as well as astrocyte death. These results suggest that
ferrous iron has distinctive toxic effects on cultured astrocytes and induces AQP4 expression upregulation.
MAPKs activation may play important roles in ferrous iron-induced astrocyte death through upregulation of
AQP4 expression.
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1. Introduction studies have reported that AQP4 is associated with neurodegenerative

processes in mouse models of Parkinson’s disease and Alzheimer’s dis-

Iron is an essential component for various metabolic reactions, in-
cluding DNA synthesis, enzymatic reactions, and electron transport in
the respiratory chain (Ward et al., 2014; Ximenes-da-Silva, 2016).
However, excess iron accumulation in the brain can harm biological
systems, and lead to neurological disorders such as Parkinson’s disease
and Alzheimer’s disease (Belaidi and Bush, 2016; Jiang et al., 2009). In
addition, overload of iron released from the hematoma after in-
tracerebral hemorrhage (ICH) has been shown to contribute to brain
injury (Qing et al., 2009). Previous studies have demonstrated that iron
overload could independently induce neuronal death, resulting in in-
jury of astrocyte and cerebral edema (Qing et al., 2009; Ward et al.,
2014; Wu et al., 2011).

Aquaporin-4 (AQP4), the principal water channel in the brain, is
mainly expressed in the plasma membranes of astrocytes. Previous

ease (Chi et al., 2011; Liu et al., 2012). Moreover, due to its important
role in brain water and ion homeostasis, AQP4 has been implicated in
cerebral edema in various pathological conditions, including ischemia,
trauma, and tumors (Higashida et al., 2011a, b; Nico and Ribatti, 2011;
Shenaq et al., 2012). Numerous studies have also demonstrated that
AQP4 contributes to the formation of cerebral edema following ICH
(Qing et al., 2009; Wu et al., 2010). Therefore, regulation of AQP4
expression in astrocytes may provide a potential therapeutic option for
neurological disorders.

It has been reported that some metals, such as manganese and
mercury, can affect AQP4 expression in astrocytes (Rao et al., 2010;
Yamamoto et al., 2012). Previous study has demonstrated that iron
deposition, accompanied with increased AQP4 expression, was ob-
served in the perihematomal brain of rat (Qing et al., 2009). Also, our
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previous study has shown that iron overload can induce AQP4 upre-
gulation in cultured astrocytes (Wang et al., 2015). However, the me-
chanism of upregulation of AQP4 expression after iron overload is still
unclear.

Mitogen-activated protein kinases (MAPKs), a group of serine/
threonine specific protein kinases, are involved in various cellular roles,
such as proliferation, cell survival, and apoptosis. Previous studies have
reported that MAPKs can be activated by diverse extracellular factors,
including oxidative stress (OS), osmolality changes, and proin-
flammatory cytokines (Sigala et al., 2011; Song et al., 2016; Yang et al.,
2013b). Further evidences showed that the activation of MAPKs can
lead to AQP4 overexpression in different conditions (Song et al., 2016;
Tang et al., 2013; Yang et al., 2013b). However, it is unknown whether
MAPKs activation is the mechanism of AQP4 upregulation in astrocytes
under iron overload.

In the present study, we examined AQP4 expression in cultured
astrocytes after treatment with Fe>", as well as the role of MAPKs in
AQP4 expression.

2. Materials and methods
2.1. Astrocyte culture

Primary cultures of cortical astrocytes were prepared from cerebral
cortices of C57BL/6 mice born within 48h as described previously
(Wang et al., 2015). Briefly, the cerebral cortices were separated from
meninges and basal ganglia, trypsinized at 37 °C, dissociated in Dul-
becco's modified Eagle's medium supplemented with 10% fetal bovine
serum and penicillin/streptomycin, and then seeded onto poly-p-lysine
coated plates. The medium was replaced after 24 h, and then changed
every 2-3 days. After grown to 80% confluency, the cells were subse-
quently trypsinized and subcultured. More than 95% of the cells were
astrocytes, as determined by immunostaining with anti-glial fibrillary
acidic protein (GFAP) antibody.

2.2. Ferrous iron exposure and agent treatment

Cultured astrocytes were randomly divided into control group and
Fe?* -exposure group. In Fe**-exposure group, pilot experiments were
carried out to obtain an optimal concentration of Fe?™. Cultured cells
were exposed to ferrous chloride (FeCl,) (Sinopharm Chemical Reagent
Co, Ltd, China) in concentrations of 10, 25, 50 and 100 uM. Results
showed that 25 uM was the optimal concentration, which was described
in Section 3. In the MAPK inhibitors (U0126, SB203580, and
SP600125) or antioxidants (Vitamin E and L-NAME) studies, reagents
were added to cells in the specified concentration for 1h prior to
treatment with Fe?*,

The used MAPK inhibitors and antioxidants were as following:
SB203580 (p38 inhibitor) (Santa Cruz Biotechnology, USA), U0126
(ERK1/2 inhibitor) (Santa Cruz Biotechnology, USA), SP600125 (JNK
inhibitor) (Santa Cruz Biotechnology, USA), Vitamin E (Sigma-Aldrich,
USA), and L-NAME (Sigma-Aldrich, USA).

2.3. Cell viability assay

Cell viability was assessed by 2-(2-methoxy-4-nitrophenyl)-3-(4-ni-
trophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt
(WST-8) with a Cell Counting kit-8 (CCK-8) assay (Dojindo, Japan), as
described previously (Dai et al., 2013). In brief, cells were cultured in a
96-well plate, and 100 pl of cell suspension was incubated with 10 pl of
WST-8 solution at 37 °C for 4h. The absorbance of the samples at
450 nm wavelength was measured by a microplate reader (BioTek,
USA).

143

Neurotoxicology 73 (2019) 142-149

2.4. Estimation of cell volume

Astrocyte volume was analyzed following the method of Yang et al.
(Yang et al., 2013b). Briefly, the 10-Hz confocal x—y images of the
cultured astrocyte in control group or Fe?*-exposure group were ac-
quired and converted to a binary format using the Image J software
(V1.40). The comparative z-stack was traced and confirmed by the
appropriation of the z-plane with the largest surface area, as well as
cross-referencing fluorescence intensity from other areas of the selected
image. Then the cell volume was calculated by the particle analysis
software in Image J. At least 10 independent cells in each group were
analyzed from at least three separate experiments.

2.5. Immunocytochemistry

Astrocytes plated on coverslips were fixed in 4% paraformaldehyde
for 10 min and washed with 0.1 mol/L PBS. The cells were permeabi-
lized with 0.3% Triton for 10 min, blocked in 10% bovine serum al-
bumin for 30 min, and then incubated overnight at 4 °C with primary
antibodies: rabbit anti-AQP4 (1:200, Santa Cruz Biotechnology, USA),
and mouse anti-GFAP (1:200, Millipore, USA). On the following day,
the cells were washed and incubated with secondary antibodies: Alexa
Fluor 488 donkey anti-rabbit IgG (1:500, Invitrogen, USA) and Alexa
Fluor 594 donkey anti-mouse IgG (1:500, Invitrogen, USA) for 1 h. The
cells were washed again and incubated with DAPI (1:2,000, Sigma,
USA) for 10 min. After washing with PBS, the cells were mounted on
slides. Then confocal microscopic images were acquired using a Leica
confocal laser-scanning microscope (Leica, Wetzlar, Hesse, Germany).

2.6. Relative quantitative real-time PCR analysis

Total RNA was isolated from the cultured astrocytes using Trizol
reagent (Invitrogen, USA). Reverse transcription was performed using a
PrimeScript RT reagent kit (TaKaRa Bio Inc., China). The oligonucleo-
tide primers used to amplify target genes were as follows: AQP4,
5’-CTGGAGCCAGCATGAATCCAG-3’ (forward) and 5-TTCTTCTCTTCT
CCACGGTCA-3’ (reverse); GAPDH, 5- AGGTCGGTGTGAACGGAT
TTG-3’ (forward) and 5- TGTAGACCATGTAGTTGAGGTCA-3’ (re-
verse). All primers were obtained from Invitrogen Corp (Shanghai).
After 40 cycles, the relative levels of mRNA expression were quantified
with SDS software (Applied Biosystems, Carlsbad, CA).

2.7. Western blot analysis

Proteins were extracted from the cultured astrocytes after the
treatments, and protein concentrations were determined by a bicinch-
oninic acid protein assay kit (Pierce Biotechnology, USA). Equal
amounts of proteins (50 pg) were loaded onto a 12% polyacrylamide gel
for electrophoresis, and then electro-transferred onto poly-
vinylidenedifluoride membrane. Blots were blocked with 5% non-fat
milk, and incubated at 4 °C overnight with primary antibodies against
AQP4 (1:200, Santa Cruz Biotechnology, USA), a-tubulin (1:1000, Cell
Signaling Technology, USA), ERK (1:1000, Cell Signaling Technology,
USA), phospho-ERK (1:1000, Cell Signaling Technology, USA), JNK
(1:1000, Cell Signaling Technology, USA), phospho-JNK (1:1000, Cell
Signaling Technology, USA), p38 (1:1000, Cell Signaling Technology,
USA), phospho-p38 (1:1000, Cell Signaling Technology, USA). After
washing, the membranes were incubated with Goat anti-rabbit HRP
(1:2000, HangZhouHuaAn Biotechnology Co, China) for 1h at room
temperature. Protein signals were then detected by ECL chemilumi-
nescence system (Pierce Biotechnology, USA). Densitometric analysis of
bands was determined by Image J software (V1.40).

2.8. Transfection of AQP4 small interfering ribonucleic acid

Cells were transfected with AQP4 small-interfering RNA (siRNA) or
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nontargeting control siRNA (Guangzhou Ribobio Co, Ltd, China) using
Lipofectamine 2000 (Invitrogen, USA), according to the manufacturer’s
instructions. Briefly, Lipofectamine 2000 was diluted 1:50 (v/v) in
OPTIMEM low serum medium (Invitrogen, USA) and incubated for
5 min at room temperature. Then AQP4 siRNA and nontargeting control
siRNA were diluted in OPTIMEM medium, added separately into
Lipofectamine 2000, and incubated for 20 min at room temperature.
The mixture containing siRNA and Lipofectamine 2000 was then added
to cultured cells, and the transfection was taken place over 48 h.

2.9. Statistical analysis

—+

All data were expressed as the mean + SE. For analysis between
two groups of the cell volume and cell viability, the expression of each
molecule, the Student’s t-test was performed. A p-value of < 0.05 was
considered statistically significant. Calculations were done with the
SPSS version 20 software and the GraphPad Prism software package
4.0.

3. Results
3.1. Effect of Fe** on cell viability and cell volume of cultured astrocytes

The viability of astrocytes incubated with Fe?* at different con-
centrations (10, 25, 50 and 100 pM) and different time points (1, 3, 6,
12, and 24 h) was shown in Fig. 1A. After Fe?™ treatment, there was no
significant change in cell viability at 1h (p > 0.05), while decreased
cell viability of astrocytes was observed at 3h (p < 0.05), which fur-
ther declined gradually in 6-24h (p < 0.05). And the viability of as-
trocytes incubated with Fe®* at 10, 25, 50, and 100 uM for 24 h showed
a dose-dependent manner of Fe?™ toxicity on astrocytes.

Cell volume of the cultured astrocytes was measured to determine
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Fig. 1. Fe?*-induced astrocyte death and cell swelling. Cultured astrocytes
were exposed to different concentrations of Fe?* (10, 25, 50 and 100 uM) for
certain periods (1, 3, 6, 12, and 24 h). (A) Fe?™ had distinctive toxic effects on
cultured astrocytes in a time- and dose-dependent manner. n = 5 for each
group. Values are mean = SE. *p < 0.05 vs. control group. (B) Cell volume
increased time-dependently after treatment with 10, 25, and 50 uM of Fe?*.
Inversely, after incubation with 100 uM of Fe?*, cell volume decreased in a
time-dependent manner. n = 10 for each group. Values are mean *+ SE.
*p < 0.05 vs. control group. #P < 0.05 vs. control group.
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the effect of Fe* on astrocyte swelling (Fig. 1B). Compared with the
control group, cell volume increased significantly after Fe2* (10, 25
and 50 uM) treatment as early as 3h (p < 0.05), reaching a peak at
about 12-24h (p < 0.05). Inversely, 100uM of Fe®* reduced cell
volume of the cultured astrocytes significantly in a time-dependent
manner (p < 0.05).

3.2. Effect of Fe* on AQP4 expression in cultured astrocytes

To determine the influence of Fe>* on AQP4 expression in cultured
astrocytes, cells were treated with 10, 25, 50 and 100 pM of Fe?™ at the
indicated times (1, 3, 6, 12, and 24 h) before total RNA isolation for RT-
PCR or protein harvesting for western blot. As shown by the results of
RT-PCR and immunoblot analysis, with the increase of Fe?* con-
centration (10, 25, 50, and 100 uM), the mRNA levels of AQP4 as well
as AQP4 protein levels were upregulated, reaching a peak at 25uM
(p < 0.01) (Fig. 2B and D). Compared with controls, Fe?* induced
AQP4 mRNA levels upregulation as early as 1 h with peaking at 3h
(p < 0.01), while AQP4 protein expression increased at 3 h, reaching a
peak at 6h (p < 0.01) (Fig. 2A and C). In addition, immuno-
fluorescence staining also showed that the protein levels of AQP4 were
significantly increased in cultured astrocytes at 6 h after Fe?™ (25 uM)
treatment (Fig. 2E).

Combining with the results of cell viability, cell volume and AQP4
expression of cultured astrocytes after Fe>* treatment, we chose the
Fe?* concentration of 25uM as the optimal concentration for the fol-
lowing studies.

3.3. Effect of Fe* on MAPKs activation in cultured astrocytes

To investigate whether MAPKs are activated in cultured astrocytes
under Fe?* overload, the phosphorylated and the total amounts of each
of the three MAPKs were measured by western blot at the indicated
times (1, 3, 6, 12, and 24 h). After Fe>* (25 uM) treatment, the three
MAPKs were significantly activated in cultured astrocytes (p < 0.05)
(Fig. 3). Fe** upregulated the phosphorylation of p38-MAPK and ERK
as early as 3h (p < 0.05), while the phosphorylation of JNK was ac-
tivated at 6h (p < 0.05). The p-ERK activation peaked at 12h after
Fe®>* exposure (p < 0.01). The increase of p-p38 MAPK, p-ERK and p-
JNK persisted for at least 24 h.

3.4. AQP4 gene silencing attenuates Fe®* -induced astrocyte death

Transfection of AQP4 siRNA (100 nM) into cultured astrocytes sig-
nificantly reduced the AQP4 expression (p < 0.05), while control
siRNA had no such effect on AQP4 protein expression (p > 0.05)
(Fig. 4A). Significant cell death was observed in cultured astrocytes
transfected with control siRNA after Fe?" treatment, whereas astro-
cytes transfected with AQP4 siRNA showed a marked reduction in
Fe?*-induced cell death (p < 0.05) (Fig. 4B).

3.5. Antioxidants diminish Fe? " -induced AQP4 upregulation and astrocyte
death

We examined the effect of antioxidants on AQP4 protein expression
in cultured astrocytes after Fe>* treatment. The results showed that
Vitamin E (250 pM) and L-NAME (250 pM) could significantly diminish
Fe**-induced AQP4 protein upregulation as well as astrocyte death
(p < 0.05) (Fig. 5A and B). Treatment with antioxidants alone in
cultured astrocytes (without Fe** treatment) showed no significant
change in AQP4 protein expression (p > 0.05) (Fig. 5C).

3.6. MAPK kinase inhibitors reduce Fe*" -induced AQP4 upregulation and
astrocyte death

To investigate the possible involvement of the three MAPK
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Fig. 3. Effect of Fe>* (25 uM) on MAPKs activation in cultured astrocytes. (A and B) Fe?* upregulated the phosphorylation of p38 and JNK in a time-dependent
manner. (C) After treatment with Fe?", the phosphorylation of ERK was activated at 3 h, reaching a peak at 12h. n = 3 for each group. Values are mean + SE.

*p < 0.05 vs. control group. **P < 0.01 vs. control group.

pathways in the increased AQP4 expression after Fe>* overload, the
cultured astrocytes were pretreated with the p38-MAPK inhibitor
SB203580 (5uM), the JNK inhibitor SP600125 (5uM), and the ERK
inhibitor U0126 (5uM), respectively. As shown by the results of im-
munoblot analysis and CCK-8 (Fig. 6A and B), Fe?"-induced AQP4
expression upregulation and astrocyte death were significantly in-
hibited by U0126 and SB203580 (p < 0.05). In contrast, SP600125
(1-10 uM) had no significant effect on AQP4 protein upregulation in-
duced by Fe?* (p > 0.05) (Fig. 6C). All three MAPK inhibitors did not
influence the basal expression of AQP4 (p > 0.05) (Fig. 6D).

4. Discussion

In the present study, our findings showed that Fe?>* had distinctive
toxic effects on cultured astrocytes in a time- and dose-dependent
manner. And Fe?" treatment resulted in significant upregulation of
AQP4 expression in cultured astrocytes. Further experiments showed
that the mechanism of AQP4 upregulation in cultured astrocytes after
Fe?”" treatment might involve OS and MAPK signaling pathway acti-
vation.

AQP4 is the main water channel expressed in astrocytes in the CNS
(Jung et al., 1994). Some metal ions such as lead, mercury, and man-
ganese can affect AQP4 expression in the CNS and change water per-
meability in brain cells, resulting in neuronal damage (Gunnarson et al.,
2005; Rao et al., 2010; Yamamoto et al., 2012; Yukutake et al., 2008).
Ferrous iron is a product of hemoglobin degradation and plays a crucial
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role in cerebral edema and brain damage (Hua et al., 2007, 2006;
Huang et al., 2002). In ICH rat models, Qing et al. have demonstrated
that iron content increases in the perihematomal zone after ICH onset
and peaks at day 7, and AQP4 expression in the perihematomal brain is
also upregulated following ICH and peaks at day 3 (Qing et al., 2009).
Further application of the iron chelator deferoxamine could reduce iron
deposition and AQP4 level in the perihematomal area, indicating a
correlation between iron content and AQP4 expression (Qing et al.,
2009). And our previous study showed that iron overload could in-
crease AQP4 expression in astrocytes in vitro (Wang et al., 2015). In the
present study, we further demonstrated that ferrous iron could upre-
gulate AQP4 expression in astrocytes in a time-dependent manner with
a peak at 3-6h. We also found that AQP4 expression increased in a
dose-dependent manner at lower concentrations, whereas it began to
decline at higher concentrations. We speculated that increased astro-
cytic death at higher concentrations resulted in reduced AQP4 expres-
sion reversely. In addition, we observed a marked reduction of Fe*™-
induced cell death in cultured astrocytes transfected with AQP4 siRNA,
suggesting an important role of AQP4 in astrocyte death caused by
ferrous iron. The mechanism of AQP4 upregulation resulting in astro-
cyte death after Fe** treatment is unclear. Combined the results of
CCK-8 with cell volume measurement, we presume that it may be re-
lated to increased water transportation and the consequent cytotoxic
edema caused by AQP4 upregulation. Chu et al. reported that AQP4
deletion increased apoptosis in AQP4 knockout mouse ICH model, in-
dicating the protective effect of AQP4 other than promotive effect on

Fig. 4. Effect of AQP4 gene silencing on Fe®*-
induced astrocyte death. (A) AQP4 expression
decreased significantly after transfection with
# AQP4 siRNA (100nM). n = 3 for each group.
(B) Fe?*-induced astrocyte death was sig-
nificantly attenuated by AQP4 siRNA transfec-
tion (100 nM). n = 5 for each group. Values are
mean *+ SE. *p < 0.05 vs. control group.

Con-siRNAAQP4-siRNA
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+

death. n = 5 for each group. Values are mean

apoptosis (Chu et al., 2014). Thus we speculate that the mechanism of
AQP4 upregulation resulting in astrocyte death under Fe>* overload
may involve in necrosis or other style of cell death rather than apop-
tosis. It need to be investigated in further studies.

However, Lee et al. reported that AQP4 expression in primary cul-
tured rat astrocytes was not affected by high extracellular iron con-
centrations (Lee et al., 2008). But in their study the agent added to the
cultured astrocytes was ferric iron (Fe®*). Unlike Fe**, Fe®** can
generate reactive oxygen species and induce OS via the Fenton’s reac-
tion, and then cause tissue damage (Crichton et al., 2002). In the pre-
sent study, we observed a blockade of Fe?*-induced AQP4 expression
increase in astrocytes after treatment with antioxidants (Vit E and L-
NAME), indicating that Fe>* might upregulate the expression of AQP4
by a process involving generation of reactive oxygen species and in-
duction of OS.

Astrocytes play a pivotal role in brain homeostasis and metabolism,
including ion and water transportation, chemical signal transmission,
and OS defense (Liu et al., 2017). Elevated harmful stimuli can disrupt
the homeostasis and exhaust the neuroprotective mechanisms of as-
trocytes. Under iron overload condition, excessive iron can be trans-
ported into astrocytes and then cause cytotoxic effect. The mechanism
of iron accumulation in astrocytes under iron overload involves distinct
routes. One route mediates the uptake of transferrin-bound iron with
transferrin receptors (Qian et al., 1999). A second route involves a
transferrin-independent mechanism in which the uptake of ferrous iron
depends on divalent metal transporter 1 and ascorbate (Lane et al.,
2010). Also, there is a third route in which the uptake of ferric iron
mediated by a mechanism independent of transferrin receptors or as-
corbate/divalent metal transporter 1, and conditions with limitations in
ascorbate may switch iron uptake to this route (Skjorringe et al., 2015).
We speculate that transferrin/transferrin receptors route may be the
possible mechanism involved under Fe?" overload in our study in
which ferric iron and ascorbate were limited. After the increased uptake
of Fe** into the astrocytes, Fe>™ further causes injury cascade.

MAPKs are known as important stress-responsive signaling path-
ways commonly activated by OS (Kyriakis and Avruch, 1996), mainly
including extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK signaling. Previous studies have shown
that MAPKs are involved in regulating several AQPs. AQP1 expression
is upregulated around blood vessels due to activation of MAPK/JNK
signaling in subarachnoid hemorrhage (Yatsushige et al., 2007), while
MAPK/ERK signaling induces AQP1 expression in cultured astrocytes
following injury (McCoy and Sontheimer, 2010). After hyperosmotic
solution exposure, inhibition of MAPK/ERK signaling pathway can

, while treatment with antioxidants alone showed no significant influence on AQP4 protein expression. n = 3 for each
-exposure group. (B) Antioxidants significantly attenuated Fe?*

-induced astrocyte
-exposure group.

attenuate the expression of AQP3, AQP5, and AQP8 (Yang et al.,
2013b), whereas the p38 inhibitor can inhibit the expression of AQP9 in
cultured astrocytes (Arima et al., 2003; Yang et al., 2013b). AQP4 ex-
pression was reported to be mitigated by inhibition of MAPKs pathways
overactivation under various conditions, such as hyperosmotic solution
exposure, hypoxia-induced brain edema and ischemic stroke (Arima
et al., 2003; Wang et al., 2018a, b; Yang et al., 2013b; Yuen et al.,
2017). In this study, we detected an increase in phosphorylation of ERK,
JNK, and p38 as well as AQP4 expression after treatment with Fe?*
indicated by Western blot. Pretreating the astrocytes with ERK and p38-
MAPK inhibitors could suppress Fe?*-induced AQP4 expression upre-
gulation and astrocyte death, suggesting that AQP4 expression in cul-
tured astrocytes under iron overload condition can be regulated by
MAPK/ERK and p38 MAPK pathways. Furthermore, it indicates that
MAPKs may contribute to Fe?*-induced astrocyte death by a process
involving increases in AQP4 expression.

In addition, our study showed that only ERK and p38-MAPK in-
hibitors reduced Fe?*-induced AQP4 expression and astrocyte death,
although Fe?* activates all three MAPKs pathways. The reason that
JNK inhibitor is unable to block AQP4 upregulation and astrocyte death
induced by Fe?* is unclear. This phenomenon is similar to that de-
scribed in a previous study in which other than the JNK inhibitor, the
ERK and p38-MAPK inhibitors could attenuate manganese-induced
AQP4 expression and astrocyte swelling (Rao et al., 2010). Rao et al.
speculated that MAPKs may differentially regulate downstream path-
ways that variably influence AQP4 expression (Rao et al., 2010).

MAPKs pathways are related to the activation of NF-kB and sub-
sequent regulation of cellular genes under multiple stimuli (Adachi
et al., 2012). Evidence has shown that ERK signaling can activate NF-xB
(Cassarino et al., 2000). And phosphorylated p38-MAPK has been de-
monstrated to activate IkB kinase and then lead to NF-xB activation (de
Alvaro et al., 2004). JNK is thought to play an opposite role versus ERK
and p38-MAPK to NF-kB (Shi et al., 2016). This may partially explain
the phenomenon that only the ERK and p38-MAPK inhibitors can re-
duce Fe?*-induced AQP4 expression and astrocyte death. In our pre-
vious study, we have found that NF-kB/p65 subunit in the cytoplasm
and nucleus of cultured astrocytes were elevated after treatment with
Fe** (Wang et al., 2015). By inhibiting the activation of NF-kB, AQP4
expression would be reduced, indicating that NF-xB plays an important
role in regulating AQP4 expression (Wang et al., 2015). However,
whether ERK and p38-MAPK signaling contribute directly as an up-
stream regulator or indirectly to stimulate the transcriptional activity of
NF-xB is further to be determined.

NF-«xB is a pivotal transcription factor that is involved in the
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Fig. 6. Effect of MAPK inhibitors on Fe?*-induced AQP4 upregulation and astrocyte death. (A, C and D) Both SB203580 (5 uM) and U0126 (5 uM) reduced AQP4
expression induced by Fe?™ significantly, while SP600125 (1-10 uM) did not inhibit the increased AQP4 expression. Treatment with MAPK inhibitors alone showed

no significant influence on AQP4 protein expression. n = 3 for each group. Values are mean

+

SE. *p < 0.05 vs. control group. #P < 0.05 vs. Fe*-exposure group.

(B) Fe?*-induced astrocyte death was attenuated by both SB203580 (5uM) and U0126 (5puM), but not by SP600125 (5uM). n = 5 for each group. Values are

mean * SE. *p < 0.05 vs. control group. #P < 0.05 vs. Fe?*-exposure group.

transcription of many genes associated with inflammation (Barnes and
Karin, 1997). Activation of NF-kB is implicated in the increased ex-
pression of proinflammatory cytokines such as IL-1f3, IL-6, IL-2, IL-10
and TNF-a (Laird et al., 2014; Malek et al., 2007; Ohnishi et al., 2014;
Sigala et al., 2011; Wang et al., 2010; Yang et al., 2013a). Sun et al.
demonstrated that incubation of cultured astrocytes with exogenous IL-
6 could increase AQP4 expression, and this effect of IL-6 on AQP4 ex-
pression could be significantly reversed by the neutralizing anti-IL-6
antibody (Sun et al., 2017). These findings suggest that activation of
NF-kB may regulate AQP4 expression through increased proin-
flammatory cytokines.

5. Conclusions

Fe?" had distinctive toxic effects on cultured astrocytes, and in-
creased AQP4 expression in cultured astrocytes. AQP4 gene silencing
attenuated cell death after Fe>* treatment, suggesting a key role of

148

AQP4 in Fe®*-induced astrocyte death. Inhibition of OS and MAPK
signaling pathway reduced AQP4 expression in cultured astrocytes as
well as cell death after Fe>* overload, indicating the important role of
0S and MAPK activation in Fe*>*-induced astrocyte death.
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