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Abstract: Considerable evidence has demonstrated that metformin can activate 5’-AMP-activated protein kinase
(AMPK) signaling pathway, which plays a critical role in protection of endothelial cell permeability. Hence, the pres-
ent study evaluated the effects of metformin on blood brain barrier permeability and AQP4 expression in vitro, and
assessed the effects of metformin treatment on tumor-induced brain edema in vivo. Hypoxia or VEGF exposure
enhanced bEnd3 endothelial cell monolayer permeability and attenuated the expression of tight junction proteins
including Occludin, Claudin-5, ZO-1, and Z0-2. However, 0.5 mM metformin treatment protected bEnd3 endothe-
lial cell monolayer from hypoxia or VEGF-induced permeability, which was correlated with increased expression of
tight junction proteins. Furthermore, metformin treatment attenuated AQP4 protein expression in cultured astro-
cytes. Such an effect involved the activation of AMPK and inhibition of NF-kB. Finally, metformin treatment dose-
dependently reduced glioma induced vascular permeability and cerebral edema in vivo in rats. Thus, our results
suggested that metformin may protect endothelial cell tight junction, prevent damage to the blood brain barrier
induced by brain tumor growth, and alleviate the formation of cerebral edema. Furthermore, since the formation of
cytotoxic edema and AQP4 expression was positively correlated, our results indicated that metformin may reduce
the formation of cytotoxic edema. However, given that AQP4 plays a key role in the elimination of cerebral edema,
attenuation of AQP4 expression by metformin may reduce the elimination of cerebral edema. Hence, future studies
will be necessary to dissect the specific mechanisms of metformin underlying the dynamics of tumor-induced brain
edema in vivo.
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Introduction

Brain edema is a result of an imbalance in the
distribution of water in the brain, and is a com-
mon pathological phenomenon in many brain
diseases. The causes of brain tumor-induced
edema can be generally divided into vasogenic
edema and cytotoxic edema [1, 2]. These two
forms of edema coexist and create a vicious
cycle of the development of brain edema, lead-
ing to neurological deficits, which seriously
affect the quality of patient life [1-3].

Under normal physiological conditions, the bl-
ood-brain barrier consists of endothelial cells,
which form tight junctions [4, 5]. Tight junction
molecules, including Claudin 3, Claudin 5, and
Claudin 12, and other transmembrane proteins
such as occludin, play a crucial role in forming

endothelial cell tight junctions [5]. The distur-
bance of tight junction molecules is the main
cause of damaging effects on the blood-brain
barrier by brain tumors [1-3]. Various studies
have shown that malignant brain tumors can
induce ischemic hypoxia due to the rapid growth
of the tumor, and can increase the release of a
large amount of vascular endothelial growth
factor (VEGF), leading to the attenuation of the
expression of tight junction molecules [1, 2].
Furthermore, while there is no clear link bet-
ween the expression of aquaporin-4 protein
(AQP4) and the glioblastoma growth and prolif-
eration, the formation of brain tumor-induced
edema is highly correlated with the protein
expression of AQP4 [6, 7]. Under normal circum-
stances, AQP4 in astrocytes are expressed in
the end foot area surrounding vessels. However,
in human gliomas, the normal expression local-
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ization is disrupted. Instead, AQP4 expression
is dispersed on the cell membrane of tumor
cells [8]. In I-IV grade gliomas, the extent of
AQP4 expression and edema formation is high-
ly relevant [6]. Although the expression of AQP4
has no significant effect on tumor growth or
metastasis, enhanced AQP4 expression can
increase permeability and enhance tumor cell
adhesion [9].

Metformin is a drug widely used to treat type Il
diabetes, and has been fully confirmed by the
activation of 5-AMP-activated protein kinase
(AMPK). Clinically, the long-term metformin
treatment can reduce the risk of stroke, and
can reduce cardiovascular mortality by 24%
[10, 14]. In addition, in human umbilical vein
endothelial cells, metformin may inhibit tumor
necrosis factor-a (TNF-a) induced by IL-6, indi-
cating that metformin has anti-inflammatory
effect on the endothelial cells [12]. More impor-
tantly, recent studies have found that metfor-
min can increase the expression of tight junc-
tion molecules on vascular endothelial cells
[13]. Since the endothelial cell permeability
plays a critical role in the formation of tumor-
induced edema, we hypothesized that metfor-
min may prevent the damage to the endothelial
cell permeability and reduce the formation of
tumor-induced brain edema.

Furthermore, it has been extensively shown
that aquaporin 4 (AQP4) plays a critical role in
the formation of tumor-associated brain ede-
ma. Recent studies have demonstrated that
increase in permeability of blood brain barrier
(BBB) is correlated with increased AQP4 expres-
sion, suggesting the potential involvement of
AQP4 in the formation of tumor-associated
brain edema [14]. Although few studies have
investigated the effects of metformin on AQP4
expression, it has been shown that metformin
treatment can reduce astrocyte edema in vitro
[15]. Furthermore, 5-amino-imidazole-4-carbox-
amide-1-B-D-ribofuranoside (AICAR) can sup-
press AQP9 expression in HepG2 cells by acti-
vating AMPK [16]. Given that metformin can al-
so activate AMPK signaling pathway, we hypoth-
esized that metformin may attenuate AQP4
expression in astrocytes.

To test the above hypothesis, the present study
evaluated the mechanisms underlying the
effects of metformin on blood brain barrier per-
meability and AQP4 expression in vitro, and
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assessed the effects of metformin treatment
on tumor-induced brain edema in vivo. To this
end, we first assessed the effects of metformin
treatment on bEnd3 endothelial cell monolayer
permeability under hypoxia or VEGF exposure,
and evaluated the expression of tight junction
proteins including Occludin, Claudin-5, Z0O-1,
and Z0-2. Furthermore, we investigated the
mechanisms underlying the effects of metfor-
min treatment on AQP4 protein expression in
cultured astrocytes. Finally, we evaluated the
effects of metformin treatment on glioma
induced cerebral edema in vivo in rats.

Materials and methods
Cell culture

bEnd3 cell lines were purchased from Shanghai
Institute enzyme biotechnology company, and
were grown in DMEM containing 4.3 g/ glu-
cose, 3.5 g/l sodium bicarbonate, 4 mM gluta-
mine, 10% FBS, 100 U/ml penicillin, and 100
pg/ml streptomycin. During the culture growth,
bEnd3 cells were maintained in a humidified
incubator at 37°C and 10% CO,. In all experi-
ments, trypsin was used to digest bEnd3 cells,
and cells were seeded at a density of 0.5-1.0 x
104 cells/cm? onto 24-well plates or Transwell™
system to be allowed to reach confluence
within 6-7 days. The medium was removed, the
fiter membrane was washed with PBS, and
media was replaced with normal growth medi-
um (10% FBS), followed by MTT assays, perme-
ability assays, or protein analysis.

To obtain astrocytes in primary culture, cortical
brain tissue was dissected out from new born
Sprague-Dawley rat (Animal Center, School of
Basic Medicine, Jilin University, China; license
No. SCXK (Ji) 2003-001). The cells were isolat-
ed by incubation with 0.25% trypsin (Gibco,
Invitrogen) for 15 min at 37°C, followed by filtra-
tion by stainless steel mesh. Cells were then
isolated by centrifugation, re-suspended in
DMEM/F12 (1:1; Gibco, Invitrogen) medium
containing 10% FBS, and seeded in 75 cm?
flasks. Cells reached 100% confluence after
7-9 days. Flasks were then vigorously shaken
manually for about 0.5 minutes in order to
remove microglial cells and O-2A lineage cells
from astrocyte monolayers. The medium was
then replaced, and astrocytes were incubated
overnight in a CO, incubator at 37°C. This pro-
cedure was repeated three times in the next
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three days. Flasks were washed with EMEM,
and cells were digested with trypsin-EDTA. Cell
suspension was placed onto 10 cm dish, and
incubated in a CO, incubator at 37°C for 20
minutes. Almost all fibroblasts were attached
within 20 min in a Petri dish. The cell cultures
were then inoculated in 24-well plates for fur-
ther experiments.

MTT analysis

Cell viability was assessed using the MTT
assay. bEnd3 cells or astrocytes were seeded
in 24-well plates, and incubated to 80% conflu-
ence. 48 h after seeding, cells were treated
with different concentrations of metformin
(repeated at least three times the concentra-
tion of each). After 24, 36, or 72 h, 20 uyl MTT
solution (5 mg/ml) in phosphate buffered
saline (PBS) was added to each well, and plates
were placed in incubator for 2 hours at 37°C.
MTT containing medium was then removed,
100 ul buffer (2.5% acetic acid, 2.5% of 1N
hydrochloric acid, 50% N,N-dimethylformamide,
and 20% (w/v) sodium lauryl sulfate solution,
pH = 4.7). Spectrophotometric absorbance of
each sample was measured at 570 nmusing a
microplate reader (Molecular Devices, USA).

Western blotting

TRIzoI® reagent (Invitrogen, USA) was used to
extract protein from bEnd3 cells or astrocytes.
Then the lysate was centrifuged at 12000 rpm
for 20 min at 4°C. Protein concentration was
determined using the BCA protein assay kit
(Pierce, USA) with bovine serum albumin as the
standard. Final total protein in each sample
was adjusted to a concentration of 5 yg/ul in
4x sample buffer, and then heated at 95°C
for 10 min and was added to 4-20% SDS-PAGE
gel (50 pg per lane) for electrophoresis (120
min, 100 V). Proteins were then transferred
to a PVDF membrane (Millipore, USA) in trans-
fer buffer (90 min, 250 mA). At room tempera-
ture, the PVDF membrane was placed in 5%
skim milk for 2 h. Primary antibody (anti-Occlu-
din, anti-Z01, anti-Z02, anti-Claudin 5, 1:250-
1:1000 dilution, Zymed, USA; anti-GAPDH,
1:5000, Calbiochem, USA; anti-AQP4, anti-
AMPK, anti-pAMPKa (Thr-172), anti-NF-kB, or
anti-pNF-kB, 1:750-1:1000 dilution, Santa
Cruz, USA) was incubated overnight with the
PVDF membrane together in 0.5% BSA/PBS at
4°C. Membrane was then washed with PBS

3353

buffer, incubated with secondary antibody with
horseradish peroxidase (HRP) (1:1000; Santa
Cruz, USA) for 2 h, and finally washed with PBS
buffer 3 times. Protein bands were visualized
using ImageQuant LAS 500 (GE, China). West-
ern blot image was analyzed using ImageQuant
TL 8.1 software (GE, China). The experiment
was repeated three times, protein expression
was normalized to GAPDH or 3-actin expression
for statistical analysis.

Immunohistochemistry

Astrocytes culture was fixed in PBS containing
4% paraformaldehyde, followed by incubation
with 4% goat serum containing 0.1% of Triton
X-100 in phosphate buffer at room temperature
for 1 h. Astrocytes were then plated onto aga-
rose-coated glass coverslips with a 1:200 dilu-
tion of AQP4 primary antibody (Santa Cruz,
USA) containing 1% goat serum and 0.05%
Triton in PBS, and were incubated overnight at
4°C. All coverslips were then washed with PBS,
and incubated with 1:200 dilution of goat anti-
rabbit 1gG-FITC secondary antibody (Invitrogen,
USA) for 30 min at 37°C in the dark. The cover-
slips were washed three times with PBS, fixed
on glass slides containing DAPI anti-fade solu-
tion. Astrocytes were visualized under confocal
microscopy (LSM 510 META, Zeiss, USA).

Transendothelial resistance (TEER) and per-
meability test

TEER readings were measured using epithelial
cell voltage resistance meter (WPI, China).
Confluent bEnd3 monolayers were grown on a
permeable support system. Electrical resis-
tance values of bEnd3 cell monolayer were
measured using chopsticks STX2 electrodes.
The resistance (Q-cm?) of the bEnd3 cell mono-
layer was determined using the following equa-
tion. TEER (bEnd3) = TEER (Total) - TEER (filter)
x membrane area.

Prior to measuring the permeability, samples
were exposed to 6 h of hypoxic conditions, by
placing bEnd3 monolayers in an incubator con-
taining 1% O, or incubated with recombinant
vascular endothelial growth factor (VEGF; 50
ng/ml) for 12 h. [**C] sucrose was used to
determine the paracellular diffusion across
bEnd3 monolayers, as described in a previous
study [17]. Because [**C] sucrose with a mo-
lecular weight of 342 poorly permeates the
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blood-brain barrier, it does not diffuse across
the tight junctions between endothelial cells. To
determine apical-to-basolateral diffusion, the
appearance rate of radioactive [**C] sucrose
(pmol) appear in the receiving chamber in unit
time (min) was measured. Permeability coeffi-
cient values were measure after 2 h of radio-
active sucrose diffusion. The permeability coef-
ficient was calculated using the following equa-
tion: Permeability coefficient (cm/min) = [(vol-
ume/(SAxC,)) x (C./Time)]. The volume is me-
asured as the volume of media in the receiv-
ing chamber, SA represents the activity of
radioactive marker, C_ represents the initial
concentration of radioactive marker, and C_
represents the concentration of the radioactive
marker in the receiving chamber at a given
time.

Animals

All animals were provided by the Animal Center,
School of Basic Medicine, Jilin University, China
(license No. SCXK (Ji) 2003-001). Male Sprague
Dawley rats (n=80), weighing 200-250 g were
housed in a temperature- and humidity-con-
trolled vivarium under a 12 h light/dark cycle.
All animals had free access to food daily with
water ad libitum. Animal experiments were
approved by the local Institutional Animal Care
and Use Committee. The housing and treat-
ment of the animals followed the Guidance
Suggestions for the Care and Use of Laboratory
Animals, formulated by the Ministry of Science
and Technology of China.

Glioma tumor animal model

Rat C6 glioma cells were cultured in DMEM
medium containing 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomy-
cin under 5% CO, at 37°C. When reaching the
log phase, cells were digested using 0.25%
trypsin, and cell suspension was collected. The
cell concentration was then adjusted to 2.5 x
108/ml, and cells were placed at 37°C for sub-
sequent use. Rats were fasted 12 h before sur-
gery, and were initially anesthetized with 3%
isoflurane and placed onto the stereotactic
frame with anesthesia be maintained using
1.5% isoflurane through a nose cone. A 1.5 x
1.5 cm area of hair on top of the rat head was
removed, and the skin was disinfected. A 1 cm
longitudinal scalp incision was made along the
midline to expose the skull. C6 cells were inject-
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ed into the right striatum. The coordinates used
for the injection was 1.0 mm anterior to the
bregma, 3 mm lateral to the midline, and 4 mm
ventral to the surface of the skull. 25 yl of C6
cells suspension was slowly delivered into the
caudate nucleus using a needle attach with a
micro-syringe at a rate of 2.5 pl/min for a total
10 min. After injection, needle was removed
and skin incision was sutured. Sham group
(Sham) received the same surgery but was
infused with an equal volume of saline.

Metformin therapy

After one week of C6 cell implantation, rats
were randomly assigned to different group (n =
16/group) receiving either metformin (0.1, 0.3,
and 1 mg/ml) or saline treatment through drink-
ing water. Treatment lasted one week. Daily
water intake (average 25.5 g; no significant dif-
ferences between treatment groups) of each
rat was calculated by weighing water bottle.

Evans blue staining

The permeability of the blood-brain barrier was
evaluated using Evans blue dye (EB, Sigma Co.
USA). In two weeks after tumor cell inoculation,
animals were anesthetized using 3% isoflurane
and injected with EB (2% EB, i.v., 2 ml/kg). After
30 min, animals were transcardially perfused
with 0.9% saline until the perfusate from the
right atrium came out clear. Animals were then
quickly decapitated, and the brains were rapid-
ly separated without olfactory bulb and cerebel-
lum. Brains were divided into the left and right
hemispheres and placed in two separate con-
tainers. Each sample was then weighed and
manually homogenized in 3.75 ml PBS and
1.25 ml 100% trichloroacetic acid solution
(TCA, Sigma Co. USA), followed by cooling over-
night at 4°C. The next day, samples were centri-
fuged at 1000 g for 30 min. The supernatant of
each sample was then measured at 620 nm
using the Synergy™ Mx Multi-Mode Microplate
analyzer (Bio-Tek, Inc. USA). The amount of EB
in brain tissue (ug/g) was calculated based on
standard curve of EB absorbance.

Brain water content

In two weeks after tumor cell inoculation, ani-
mals were decapitated after pentobarbital
anesthesia (150-200 mg/kg, i.p.) Rat brains
were quickly removed from the skull without the
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Figure 1. Effects of metformin on the viability of BEnd3 cells and astrocytes. A. bEnd3 cells (5 x 102 cells/well) were
seeded in 24-well culture plates. After 48 hours, cells were incubated with metformin (MET: O, 0.1, 0.5, 1, 2 mM),
24 hours later, cell viability was measured using the MTT assay. B. 24, 48 and 72 hours post-treatment of 0.5 mM
metformin (MET), bEnd3 cell proliferation was measured using MTT assay. C. Astrocytes (5 x 102 cells/well) were
seeded in 24-well culture plates. After 48 hours, cells were incubated with metformin (MET: O, 0.1, 0.5, 1, 2 mM),
24 hours later, cell viability was measured using the MTT assay. D. 24, 48 and 72 hours post-treatment of 0.5 mM
metformin (MET), astrocytes proliferation was measured using MTT assay. Results are expressed as a percentage
of cell viability as compared with the control (O mM). *p <0.05, **p <0.01. Each concentration takes an average of
three independent experiments (Mean + SEM).
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Figure 2. The protective effect of metformin on the permeability of bEnd3 cell monolayers. A. bEnd3 cell monolayers
were exposed to 1% O, hypoxic condition for six hours while incubated with metformin. B. bEnd3 cell monolayers
were exposed to a recombinant vascular endothelial growth factor (VEGF; 50 ng/ml) while incubated with metformin
for 12 h. *p <0.01 compared with the control group. #p <0.01 compared with 0 mM metformin group.

olfactory bulb and cerebellum. The brains were
then divided into the left and right hemisphere.
Each hemisphere was immediately weighed to
obtain wet brain weight. Then the hemisphere
was rapidly wrapped in aluminum foil, labeled,
and placed in oven at 100°C for 72 h, followed
by re-weighing to obtain the dry brain weight.
Brain water content was calculated using the
following equation. Brain water content = (wet
weight - dry weight)/wet weight x 100%.

Data analysis

All values are presented as mean + standard
deviation (SD). Data were analyzed using one-
way analyses of variance (ANOVA) or Multi-
factor ANOVAs, where appropriate. Significant
ANOVA main and interaction effects were fur-
ther investigated using Tukey or Bonferonni
post hoc tests, when appropriate. Alpha was
set at 0.05.

Results

Effects of metformin treatments on bEnd3 cell
and astrocytes viability

The effects of metformin on bEnd3 cell and
astrocytes viability were assessed using MTT
assay. After incubation with 0.1 mM or 0.5 mM
metformin for 24 h, metformin did not alter
bEnd3 cell viability as compared with control.
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However, 1 mM or 2 mM metformin decreased
bEnd3 cell viability as compared with control
(Figure 1A). Furthermore, 0.5 mM metformin
did not alter bEnd3 cell viability after 24, 36 or
72 h, as compared with control (Figure 1B).
Similarly, after incubation with 0.1 mM or 0.5
mM metformin for 24 h, metformin did not alter
astrocytes viability as compared with control.
However, 1 mM or 2 mM metformin decreased
astrocytes viability as compared with control
(Figure 1C). Furthermore, 0.5 mM metformin
did not alter astrocytes viability after 24, 36 or
72 h, as compared with control (Figure 1D).
Therefore, 0.5 mM metformin were selected in
the rest of the present study.

Effects of metformin treatments on bEnd3 cell
monolayer permeability

Under 6 h hypoxic condition, the permeability of
bEnd3 cell monolayer was increased, as com-
pared with normoxic condition (p<0.01; Figure
2A). However, 6 h hypoxic condition did not
alter bEnd3 monolayer permeability when cells
were incubated with 0.5 mM metformin, as
compared with normoxic condition (Figure 2A).
In fact, 0.5 mM metformin treatment reduced
bEnd3 monolayer permeability as compared
with O mM control under 6 h hypoxic condition
(p<0.01; Figure 2A). Furthermore, exposure to
VEGF (50 ng/ml) for 12 h enhanced bEnd3

Am J Transl Res 2016;8(8):3351-3363
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Figure 3. Effects of metformin on the expression of tight junction proteins in bEnd3 monolayers. A. bEnd3 cell mono-
layers were exposed to 1% O, hypoxic condition for six hours while incubated with metformin. B. bEnd3 cell mono-
layers were exposed to a recombinant vascular endothelial growth factor (VEGF; 50 ng/ml) while incubated with

metformin for 12 h. The results are displayed in percentage after protein expression

level was normalized to GAPDH

expression level *p <0.01 compared with the control group. #p <0.01 compared with O mM metformin group.
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Figure 4. Representative photographs (x200) of AQP4 fluorescence immuno-
localization of astrocytes after different treatment in (A) Control group, (B) Ve-
hicle group (0 mM metformin), and (C) 0.5 mM metformin. Scale bar (shown in
white line) is 50 um. (D) Western blot results of AQP4 expression in astrocytes.
*p<0.05 compared with the control group.

incubation of 0.5 mM met-
formin and VEGF (50 ng/
ml)attenuatedbEnd3monola-
yer permeability, as com-
pared with VEGF treatment
alone (p<0.01, Figure 2B),
to a similar level seen in no
VEGF control treatment.

Effect of metformin treat-
ment on expression of tight
junction proteins

The expression of tight jun-
ction proteins including Oc-
cludin, Claudin-5, Z0-1, and
Z0-2 was evaluated using
Western blot after hypoxic
or VEGF treatment. Specifi-
cally, after 6 h of hypoxic tr-
eatment, the expression of
Occludin, Claudin-5, Z0-1,
and Z0-2 proteins in bEnd3
monolayer was significant-
ly reduced, as compared
with normoxic control (p<
0.01, Figure 3A). However,
0.5 mM metformin treat-

monolayer permeability, as compared with no ment increased the expression of Occludin,
VEGF control (p<0.01, Figure 2B). However, co- Claudin-5, Z0-1, and Z0-2 proteins after 6 h of
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were shown in Figure 4A-C.
0.5 mM metformin (Figure
4C) but not 0 mM metfor-
min (vehicle; Figure 4B) sig-
nificantly attenuated AQP4
expression in astrocytes,
as compared with no treat-
ment control group (Figure
4A). This effect was further
confirmed by Western blot
results shown in Figure 4D.

Role of AMPK and NF-kB in
metformin-induced attenu-
ation of AQP4 expression

To investigate the mecha-
nisms underlying the eff-

i/l

ects of metformin on AQP4
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0.5 mM metformin for 24 h,
and measured activity of
AMPK and NF-kB. Specifi-

Vehicle Dorsomorphin

Figure 5. Role of AMPK-NF-kB activation in AQP4 expression in astrocytes. A.
Effects of metformin on AMPK and NF-kB activation in astrocytes. B. Effects
of dorsomorphin (0.1 mM) on NF-kB activation in astrocytes. C. Effects of dor-
somorphin (0.1 mM) on metformin-induced attenuation of AQP4 expression
in astrocytes. The results are displayed in folds after protein expression level
was normalized to B-actin expression level. *p<0.05 compared with the control

group. #p<0.05 compared with metformin group.

hypoxia treatment in bEnd3 monolayer, as com-
pared with O mM control under 6 h hypoxic con-
dition (p<0.01; Figure 3A), to a similar level
seen in normoxic control. Furthermore, expo-
sure to VEGF (50 ng/ml) for 12 h decreased the
expression of Occludin, Claudin-5, Z0-1, and
Z0-2 proteins, as compared with no VEGF con-
trol (p<0.01, Figure 3B). However, co-incuba-
tion of 0.5 mM metformin and VEGF (50 ng/ml),
enhanced the expression of Occludin, Clau-
din-5, Z0-1, and Z0O-2 proteins as compared
with VEGF treatment alone (p<0.01, Figure 3B),
to a similar level seen in no VEGF control
treatment.

Effects of metformin treatments on AQP4
expression in astrocytes in vitro

The expression of AQP4 in astrocytes in prima-
ry culture was visualized using immunohisto-
chemistry. Representative photographs of AQ-
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Vehicle Dorsomorphin

cally, 0.5 mM metformin tr-
eatment had no effect on
total AMPK or NF-kB (Figure
5A), but significantly incre-
ased phosphorylation of
AMPK (p<0.05; Figure 5A),
and reduced phosphoryla-
tion of NF-kB (p<0.05; Fi-
gure 5A). The results sug-
gested that metformin increased AMPK activa-
tion, and attenuated NF-kB activation in astro-
cytes. However, co-incubation 0.5 mM metfor-
min with 0.1 mM dorsomorphin, an AMPK inhib-
itor, enhanced NF-kB activation (p<0.05; Figure
5B) and AQP4 protein expression (p<0.05;
Figure 5C) in astrocytes respectively, as com-
pared with 0.5 mM metformin treatment alone,
to a similar level seen in no metformin control
treatment.

Effects of metformin treatments on glioma-
induced brain edema in vivo

C6 glioma cells were injected into the right stri-
atumon. Two weeks after inoculation, Evans
blue content of right brain hemisphere in rats
was evaluated. Specifically, glioma cells implan-
tation increased Evans blue content in brain tis-
sue in saline treated group, as compared with
sham group, which received no glioma cells
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implantation (Figure 6A). However, one week of
daily 0.3 or 1 mg/ml metformin treatment, but
not 0.1 mg/ml metformin treatment, reduced
Evans blue content in brain tissue, as com-
pared with saline treated group (Figure 6A).

Furthermore, glioma cells implantation incre-
ased brain water content in right brain hemi-
sphere in saline treated group, as compared
with sham group, which received no glioma
cells implantation (Figure 6B). However, one
week of daily 0.3 or 1 mg/ml metformin treat-
ment, but not 0.1 mg/ml metformin treatment,
reduced brain water content in right brain hemi-
sphere, as compared with saline treated group
(Figure 6B).

Discussion

The present study evaluated the effects of met-
formin on blood brain barrier permeability and
AQP4 expression in vitro, and assessed the
effects of metformin treatment on glioma-
induced brain edema in vivo. Specifically, we
have found that hypoxia or VEGF exposure
enhanced bEnd3 endothelial cell monolayer
permeability and attenuated the expression of
tight junction proteins including Occludin,
Claudin-5, Z0-1, and Z0-2. However, 0.5 mM
metformin treatment protected bEnd3 endo-
thelial cell monolayer from hypoxia or VEGF-
induced permeability, which was correlated
with increased expression of tight junction pro-
teins. Furthermore, metformin treatment atten-

3359

uated AQP4 protein expression in cultured
astrocytes. Such an effect involved the activa-
tion of AMPK and inhibition of NF-kB. Finally,
metformin treatment dose-dependently redu-
ced glioma induced vascular permeability and
cerebral edema in vivo in rats. Thus, our results
suggested that metformin may protect endo-
thelial cell tight junction, prevent damage to the
blood brain barrier induced by brain tumor
growth, and alleviate the formation of cerebral
edema. Furthermore, since the formation of
cytotoxic edema and AQP4 expression was pos-
itively correlated, our results indicated that
metformin may reduce the formation of cyto-
toxic edema. However, given that AQP4 plays a
key role in the elimination of cerebral edema,
attenuation of AQP4 expression by metformin
may reduce the elimination of cerebral edema.
Hence, future studies will be necessary to dis-
sect the specific mechanisms of metformin
underlying the dynamics of tumor-induced br-
ain edema in vivo.

The experiments further confirmed the protec-
tive effect of metformin on blood vessels by up-
regulating tight junction protein expression,
thereby reducing hypoxia or VEGF induced
endothelial cell permeability. In fact, our results
were consistent with some of the previous find-
ings. For example, in a rat model of ischemia
induced by transient middle cerebral artery
occlusion, metformin is shown to increase
AMPK phosphorylation, inhibit NF-kB activa-
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tion, and down-regulate cytokine (IL-1B, IL-6,
TNF-a) and ICAM-1 expression [18]. In another
study, there is evidence that metformin can
activate AMPK in cultured microvascular endo-
thelial cells, thus may increase blood-brain bar-
rier function in rat brain [13]. Specifically, by
measuring transendothelial resistivity (TEER)
and fluorescein sodium permeability, previous
studies have found that metformin significantly
increases transendothelial resistivity and redu-
ces sodium fluorescein penetration. Such a
phenomenon is correlated with an increase in
the expression of tight junction proteins includ-
ing ZO-1 and occludin [13]. However, it should
be noted that activation of AMPK signaling
pathway can also enhance angiogenesis. For
instance, long-term metformin therapy after
stroke improves experimental angiogenesis
and recovery [19]. Additionally, metformin can
promote focal angiogenesis and neurogenesis
in mice after cerebral artery occlusion [20]. In
contrast, metformin seems to be able to
decrease tumor angiogenesis, and plays a pre-
ventive role in the occurrence of breast cancer
[24]. Furthermore, metformin can reduce the
expression level of vascular endothelial growth
factor receptor Flk-1 and inhibit angiogenesis
after oxygen-induced retinopathy in mice [22].
Thus, cautions should be given to utilization of
metformin for the treatment of tumor-induced
brain edema. Therefore, cautions should be
given to utilization of metformin for the treat-
ment of brain edema. Future studies will be
also necessary to evaluate the effects of met-
formin in brain tumor angiogenesis.

While dorsomorphin is considered as a selec-
tive AMPK inhibitor, and have been used in
many studies to demonstrate AMPK-NF-kB sig-
naling pathways, it is still not clear which AMPK
isoforms are critical for regulating NF-«kB activa-
tion and AQP4 expression in astrocytes. Using
gene knockout techniques, previous studies
have shown that AMPK a1 knockout eliminates
anti-inflammatory effects of metformin [12].
Furthermore, while constitutively active AMPK
al in macrophages can inhibit NF-kB signaling
and reduce fatty acid-induced inflammation,
dominant negative mutant AMPK a1 can reve-
rse this phenomenon [23]. In addition, over-
expression of AMPK a1 in aortic endothelial
cells can reduce NF-kB activation [24]. Furth-
ermore, NF-kB signaling is activated in aortic
endothelial cells from AMPK a2 knockout mice,
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and AICAR treatment suppresses NF -kB activa-
tion in transgenic mice with constitutively
active AMPK a2. Taken together, future studies
may be important to investigate the role of spe-
cific AMPK catalytic o subunit in regulation of
AQP4 expression in astrocytes.

Many studies have demonstrated the activa-
tion of AMPK pathway can reduce NF-kB activa-
tion [23, 25-27]. Adding to this literature, the
present study indicated that metformin can
also attenuate NF-kB activation by activating
AMPK. However, the exact mechanisms under-
lying this phenomenon remain unknown. Pre-
vious studies have shown that AMPK has a
number of direct phosphorylation targets [28],
and can inhibit NF-kB is through its downstream
mediator, including SIRT1, FoxO family, and per-
oxisome proliferator-activated receptor y [28].
In addition, a large number of studies have
shown that activation of AMPK can inhibit
NF-kB-mediated pro-inflammatory molecules,
which in turn activate NF-kB, leading to the
expression of anti-apoptotic proteins, such as
Bcl-2 and survivin [29]. Furthermore, AMPK
activation can inhibit TNF-a and fatty acid pal-
mitate-induced NF-kB activation in endothelial
cell [30]. Taken together, these studies suggest
that metformin likely regulate the activity of
NF-kB via activation of multiple AMPK-mediated
downstream signaling pathways, which can ulti-
mately regulate cell cycle and differentiation,
metabolism, and inflammation. Thus, it will be
necessary to dissect the AMPK-mediated sig-
naling pathways that are critical for the effects
of metformin on AQP4 expression in astrocytes
in future studies.

Molecular mechanisms underlying AQP4 ex-
pression have been extensively reported in var-
ious studies. Activation of protein kinase C can
reduce the expression of AQP4 in cultured rat
astrocytes [31]. On the contrary, activation of
protein kinase A is not able to alter the expres-
sion of AQP4 in astrocytes [31]. Furthermore, it
has been reported that IL-1p can induce AQP4
expression in astrocytes via NF-kB activation
rather than MEK1/2 activation [32], even
though activation of IL-1p can activate protein
kinase C in astrocyte, which in turn can activate
MEK1/2-mediated ERK1/2 signaling pathway
[33]. In addition, high osmotic pressure can
stimulate the expression of aquaporin AQP4 via
p38 MAPK-dependent signaling pathways in
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rat astrocytes [34]. Adding to this literature, the
present study has demonstrated that metfor-
min decrease AQP4 expression in rat astrocyte
likely by activating AMPK, thereby inhibiting
NF-kB activation. While AMPK-NF-kB signaling
pathway is likely to be an important mechanism
underlying the regulation of AQP4 expression,
there have been studies showing metformin
can inhibit IL-1B-mediated signaling pathway
[35, 36], suggesting the effects of metformin
on AQP4 expression may rely on multiple signal-
ing pathways.

In summary, the present study has demonstrat-
ed the effects of metformin on glioma-induced
brain edema may rely on it protective effects on
endothelial cell permeability and inhibitory
effects on AQP4 expression. However, metfor-
min may also reduce the formation of tumor-
induced brain edema by suppressing tumor cell
malignancy via attenuation of the expression of
AQPs, which are critical for tumor growth, angio-
genesis, and metastatic process [37, 38]. For
instance, higher expression of AQP4 in glioma
tumor cells has been reported [7, 39, 40], and
previous studies have demonstrated AQP4 is
critical in the control of glioblastoma cell migra-
tion and invasion [41, 42]. Thus, metformin
may also suppress glioma malignancy by reduc-
ing AQP4 expression. Furthermore, while the
present study focused on AQP4, it is likely that
metformin can alter the expression of other
aquaporins. For example, AICAR can inhibit
AQP9 expression by activating AMPK [16], a
similar effect of metformin. While it is not clear
whether metformin can alter the expression of
AQP1, studies have demonstrated AQP1
expression is increased in glioma cells in
response to higher glucose [43], which might
be indirectly reduced by metformin [44]. In gen-
eral, the present study has demonstrated that
metformin can reduce the formation of glioma-
induced cerebral edema in vivo. This phenom-
enon may rely on the multiple pharmacological
effects of metformin. In support of this, the
present study has shown that metformin treat-
ment can protect endothelial cell tight junction
and prevent damage to the blood brain barrier
induced by hypoxia or VEGF exposure, as well
as reduce AQP4 expression in vitro. However,
given the complexity of the dynamics of tumor-
induced brain edema in vivo, future studies will
be necessary to explore other putative mecha-
nisms of metformin in regulation of tumor-
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induced brain edema. Such a line of research
would be necessary for the development of
effective pharmacotherapy for tumor-induced
brain edema.
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