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Abstract

Chronic stress induces altered energy metabolism and plays important roles in the etiology
of depression, in which the glucocorticoid negative feedback is disrupted due to imbalanced
glucocorticoid receptor (GR) functions. The mechanism underlying the dysregulation of GR
by chronic stress remains elusive. In this study, we investigated the role of AMP-activated
protein kinase (AMPK), the key enzyme regulating cellular energy metabolism, and related
signaling pathways in chronic stress-induced GR dysregulation. In cultured rat cortical
astrocytes, glucocorticoid treatment decreased the level, which was accompanied by the
decreased expression of liver kinase B1 (LKB1) and reduced phosphorylation of AMPK.
Glucocorticoid-induced effects were attenuated by glucocorticoid-inducible kinase 1
(SGK1) inhibitor GSK650394, which also inhibited glucocorticoid induced phosphorylation
of Forkhead box O3a (FOXO3a). Furthermore, glucocorticoid-induced down-regulation of
GR was mimicked by the inhibition of AMPK and abolished by the AMPK activators or the
histone deacetylase 5 (HDACS) inhibitors. In line with the role of AMPK in GR expression,
AMPK activator metformin reversed glucocorticoid-induced reduction of AMPK phosphory-
lation and GR expression as well as behavioral alteration of rats. Taken together, these
results suggest that chronic stress activates SGK1 and suppresses the expression of LKB1
via inhibitory phosphorylation of FOXO3a. Downregulated LKB1 contributes to reduced
activation of AMPK, leading to the dephosphorylation of HDAC5 and the suppression of
transcription of GR.
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Introduction

Chronic stress plays an important role in the pathogenesis of stress-related psychiatric diseases,
such as depressive disorders [1]. Under normal conditions, stress exposure leads to the activa-
tion of the hypothalamus-pituitary-adrenal (HPA) axis and the elevation of glucocorticoids
(GCs), which regulates the activity of HPA axis through a negative-feedback involving the glu-
cocorticoid receptor (GR) in the brain [2]. However, prolonged exposure to stress alters the
function and expression of GR resulting in defective glucocorticoid negative feedback [3]. An
extensive body of literature reports that corticosterone (CORT) administration induces reliable
and robust depression-like behaviors in animal models [4, 5].

Recent studies have suggested that the intracellular energy metabolism may explain the
depressive behaviors induced by chronic stress [6—-8]. AMP-activated protein kinase (AMPK)
is an enzyme which plays a key role in cellular energy metabolism [9]. An increased AMP to
ATP ratio leads to activation of AMPK by its upstream kinases, such as AMPK kinase, liver
kinase B1 (LKB1) and calmodulin-dependent kinases, which phosphorylate threonine 172 of
the o-subunit. In addition, allosteric activation and inhibition of dephosphorylation by protein
phosphatases also contribute to the activation of AMPK [10]. In the central nervous system
(CNS), AMPK participates in fasting, inflammation, stress and other responses [11-14].
Decreased phosphorylation and inactivation of AMPK has been shown to be associated with
depression-like behaviors in rats and mice exposed to chronic stress [7, 8]. These studies sug-
gest that AMPK may play an important role in stress-induced behavioral changes or psychiat-
ric disorders. In the periphery, interestingly, depending on the tissue in the periphery, the
regulatory function of GCs appears to be different [15]. For instance, GCs decrease the activity
of AMPK in the adipose tissue and heart, while it promotes AMPK activation in the liver and
hypothalamus [16]. In addition, AMPK can regulate GR function through p38 MAPK pathway
[17]. However, the relationship between GCs and AMPK in the CNS needs further elucidation.

Astrocytes, the most numerous cell type in the brain, are an important source of ATP and
neurotrophins (NTFs), which maintain the normal function of neurons [6, 18]. Recent studies
demonstrate that astrocytes play important roles in neuropsychiatric disorders, such as major
depression and schizophrenia [19, 20]. The loss of astrocytes was observed in the cerebral cor-
tex of patients with major depressive disorders (MDD) [21]. Reduced expression of GR after
chronic exposure to GCs has been shown to account for the loss of astrocytes [22]. GR in astro-
cytes, as a critical stress-responding transcriptional factor, may mediate stress-induced adapta-
tion via modulating the expression of astrocyte-derived NTFs.

Nevertheless, to the best of our knowledge, the association between AMPK and GR in the con-
dition of chronic exposure of GCs in astrocytes is unclear. In the current study, we investigated
the role of AMPK in GCs stress-induced down-regulation of GR in rat astrocytes. Our findings
identify AMPK as an integral component involved in the maintenance of GR function in normal
and stress conditions. GCs stress activates glucocorticoid-inducible kinase 1 (SGK1) and inhibits
AMPK activation via Forkhead box O3a (FOXO3a)-mediated downregulation of LKB1. The
inactivation of AMPK promotes the activation of histone deacetylase 5 (HDACS5) resulting in
decreased expression of GR after chronic exposure to GCs. In line with these, the activation of
AMPK reverses GCs stress-induced depressive behavior and GR down-regulation.

Materials and Methods
Animals

All animal care and experimental procedures were complied with the Guide for Care and Use
of Laboratory Animals as adopted and promulgated by the National Institutes of Health. The
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use of animals for all experimental procedures was also approved by the Animal Welfare Com-
mittee of Huazhong University of Science & Technology. The behavioral experiments were
conducted with 4- to 5-month-old male Sprague-Dawley (SD) rats. Up arrival, rats were main-
tained on a controlled 12:12 light-dark cycle at a constant temperature (22 * 2°C) with ad libi-
tum access to food and water. Rats were weighted and monitored every day carefully to ensure
all rats behave normally. There was no abnormal casualty in whole process. Animals were sac-
rificed by decapitation following anesthesia with isoflurane. Other efforts were made to mini-
mize suffering and to reduce the number of animals used in the experiments.

Agents

Corticosterone (CORT), dexamethasone (DEX), Compound C, 9-B-D-arabinofuranoside
(Ara-A), 5-aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (AICAR), aspirin, metfor-
min, fluoxetine, RU38486, GSK650394, SAHA, SB939, Hoechst33258 and poly-L-lysine were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-AMPK, anti-p-AMPK (Thr172),
anti-GR, anti-FOXO3a, anti-p-FOXO3a (Thr32), anti-LKB1 and anti-HDACS antibodies were
obtained from Cell Signaling Technology (Boston, MA, USA). Anti-p-HDACS5 (S259) and
anti-p-HDACS (S498) antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-
GAPDH and anti-GFAP (glial fibrillary acidic protein) antibodies were purchased from Santa
Cruz (Dallas, Texas, USA). Dulbecco’s modified Eagle’s medium DMEM/F12 was obtained
from Biotium (San Francisco, CA, USA) and Gibco Invitrogen Corporation (Carlsbad, CA,
USA). Heat-inactivated fetal bovine serum was purchased from Hyclone (Logan, UT, USA).
Other agents were purchased from commercial suppliers. All drugs were prepared as stock
solutions and stored at -20°C. The final concentration of DMSO was less than 0.05%. No
detectable effect of DMSO was found in all the experiments. The final concentrations of drugs
were determined according to clinical usage or physiological levels.

Cell culture

Newborn SD rats (day 1-3) were obtained from the Experimental Animal Center of Tongji
Medical College, Huazhong University of Science & Technology. The procedure was con-
ducted according to the Guide for Care and Use of Laboratory Animals. Prefrontal cortical
astrocytes were prepared as previously described [23]. In brief, the cerebral cortices of postnatal
day 1-3 SD rats were collected and incubated with 0.125% trypsin for 20 min at 37°C. After
centrifugation at 1000 g for 6 minthe cells were resuspended and plated on culture flasks coated
with poly-L-lysine (1 mg/mL). Then cultures were incubated in DMEM/F12 supplemented
with 10% heat-inactivated fetal bovine serum, L-glutamine (2 mM) and 1% penicillin-strepto-
mycin (100 U/mL) at 37°C in a humidified 5% CO, atmosphere. Then, the medium was
changed to DMEM/F12 after 24 h, and replaced every 3 days. After 9 days, the cells became
confluent, non-astrocyte cells were removed by shaking (37°C, 150 g/min, 15 h). The astrocytes
were used for experiments 12-14 days after plating. Immunofluorescence with glial fibrillary
acidic protein (GFAP) antibody was used to identify the astrocytes. The purity of astrocytes
was more than 95%.

Immunofluorescence

For immunofluorescent assay, the cultured astrocytes were fixed with 4% paraformaldehyde in
10 mM phosphate-buffered saline (PBS; pH 7.4) for 20 min at room temperature, blocked with
3% normal goat serum (Sigma-Aldrich) for 30 min at room temperature, and incubated with
rabbit anti-GR antibody (1:100, monoclonal, Cell Signaling, Boston, MA, USA) and mouse
anti-GFAP antibody (1:200, monoclonal, Abcam, Cambridge, UK) overnight at 4°C. Then, the
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cells were washed with PBS, incubated with TRITC-conjugated goat anti-rabbit IgG (1:200;
Vector, Burlingame, CA, USA) and FITC-conjugated goat anti-mouse IgG (1:200; Vector) sec-
ondary antibodies for 60 min while shaking at room temperature in darkness, and washed with
PBS. Finally, the astrocytes were incubated for 2 min with nucleic acid stain, Hoechst33258
(Invitrogen, Carlsbad, CA, USA), diluted 1:5000 in PBS. All primary and secondary antibodies
were diluted in PBS containing 1% normal goat serum. The images were captured using a con-
focal laser scanning microscopy (LSM 710, Carl Zeiss, Germany).

Western blotting

The procedure of western blot analysis was processed according to the previous study [24].
Briefly, after boiled in SDS sample buffer (5 min), equal amounts of protein were loaded in
each lane and separated on 10% SDS/PAGE gels. Samples containing 20 pg proteins were sepa-
rated electrophoretically and then transferred to nitrocellulose membranes by using a transfer-
ring system (Bio-Rad, California, USA). After blocking with 5% nonfat dried milk powder/
TBS/0.1% Tween 20 (1 h at room temperature), membranes were probed with the appropriate
antibodies overnight at 4°C. Membrane-bound primary antibodies were detected using second-
ary antibodies conjugated with horseradish peroxidase (1:4000) (Zhongshan Biotechnology
Company, Beijing). Inmunoblots were developed on Micro Chemi (DNR Bio-imaging sys-
tems, Jerusalem, Israel) using the enhanced chemiluminescence technique (ECL; Pierce Chem-
ical Co., Rockford, IL, USA). All assays were performed at least three times. The optical
densities of the detected bands were quantified using Scion Image software (Fredrick, MD,
USA). Results were presented as percentage of control after normalization.

RNA interference

A third generation of self-inactivating lentivirus vector (GeneChem, Shanghai, China) contain-
ing a CMV-driven GFP reporter and a U6 promoter upstream of the cloning sites (Age I and
EcoR I) was used for cloning small hairpin RNAs (shRNAs). The targeting sequence for rat
AMPKo2 gene (GeneBank NM_023991) was designed as follows: 5’-GCTGACTTCGGACT
CTCTA-3’. The negative control sequence was 5-TTCTCCGAACGTGTCACGT-3’, which
was a randomly chosen nonsense sequence. The cultured astrocytes 10 days after plating were
infected with lentivirus at a multiplicity of infection (MOI) of 20 for 8 h. Then, the medium
was replaced with fresh complete medium. After 3 days, cells were observed under fluorescence
microscopy to confirm that more than 80% of cells were GFP-positive, which means successful
infection of the lentivirus and expression of the cloning sequences.

Chronic GC exposure

Chronic glucocorticoids stress was mimicked by chronic exposure to CORT [4]. Rats were
divided randomly into four groups (vehicle, CORT, CORT + fluoxetine and CORT + metfor-
min). CORT or vehicle was given via subcutaneous (s.c.) injection at 9:00 am to 11:00 am every
day for 21 days, which was similar to the endogenous release of glucocorticoids. From the 15th
day, metformin (Met) or fluoxetine (Flu) was given via intragastric administration for 14 days.
During the 28 days of drug administration, the weight of each rat was measured every day.

Forced swimming test

Twenty-four hours after the final administration of drugs, forced swimming test (FST) was car-
ried out to examine the depression level of the rats. As described in published literature [25],
the apparatus used for FST of rats was placed in a quiet behavioral experiment room, with a
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water depth of 35 cm and water temperature at 23-25°C. Rats were put into the swimming
apparatus individually and adapted for 2 min. Non-swimming time (immobility time) was sub-
sequently recorded for 4 min. Animals were removed from the forced swim test tank when the
mouth and nose of rat was submerged below the surface of the water for 5 seconds. The whole
process was recorded by a camera. The criterion for immobilization was vertical floating in the
water and movements necessary to keep the head above the water. Every rat was wiped dry
immediately after the test and the apparatus was cleaned to avoid cross influence on the next
rat. The immobility time was used as an indicate evaluating the stress behavior of rats. No ani-
mal died or injured in the whole process.

Statistical analysis

Data are normalized to control and presented as mean + SEM. Statistical analysis was per-
formed using SPSS 18.0 software (SPSS Inc., USA). Comparisons of the means between three
or more independent groups were carried out using one-way ANOVA followed by LSD (least
significant difference) tests. P < 0.05 was considered statistically significant.

Results

Glucocorticoids decreases the expression of GR and AMPK activation in
cultured rat prefrontal cortical astrocytes

To examine the effects of GCs on astrocytes, both endogenous CORT (1 uM) and long-acting
semisynthetic glucocorticoid dexamethasone (DEX, 1 uM) were administrated for 2 h, 48 h or
72 h on the cultured prefrontal cortical astrocytes to imitate the effects of stress-induced gluco-
corticoids release. Data presented in Fig 1 showed that the expression of both phosphorylated
AMPK (pAMPK) and GR were significantly decreased after the treatment with CORT (Fig 1A
and 1B) or DEX (Fig 1C and 1D). It was further shown that the inhibitory effects of CORT and
DEX increased gradually with the rise of incubation time during a 72-h period. Consistent with
the recent report [8], the expression of total AMPK was not changed after treatment with glu-
cocorticoids (data not shown). To further examine whether the effects of GCs on the expres-
sion of GR and AMPK are specific for astrocytes, we performed western blot on alone cultured
cortical neurons exposed to GCs chronically. The results suggested that there were no signifi-
cant effects on the level of pAMPK or the expression of GR in cultured cortical neurons
exposed to GC chronically (S1 Fig). The effects of chronic GCs exposure maybe mainly
occurred in astrocytes, while not neurons.

Inhibition of AMPK activity suppresses the expression of GR in cultured
rat cortical astrocytes

Since the activation of AMPK is closely related to environmental factors and the expression of
many immediate-early genes, including transcriptional factors under the condition of stresses
[26-28], we asked whether the suppression of AMPK activity mediates the decrease of GR
expression induced by DEX in cultured prefrontal cortical astrocytes. Two commonly used
AMPK inhibitors, Compound C (10 uM) and Ara-A (500 uM) were administrated respectively
on the cultured astrocytes for 2 h, 48 h and 72 h. After treatment with Compound C or Ara-A,
the level of pAMPK and the expression of GR were successfully suppressed compared with the
control (Fig 2A and 2B).

To further confirm the effects of AMPK on the expression of GR, we knocked down
AMPKo. with specific small-interfering RNA (siRNA) targeting AMPK alpha 2 subunit. The
cultured astrocytes were infected with vector lenti-viruses carrying the AMPKa-siRNA or the
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Fig 1. Exposure to glucocorticoids decreases the levels of pAMPK and GR in cultured rat prefrontal
cortical astrocytes. Representative western blot (upper) and summarized data (lower) showing the level of
pAMPK in cultured astrocytes exposed to CORT (A) or DEX (C) for 2 h, 48 h and 72 h. (n = 5 for each group).
Representative western blot and summarized data showing the expression of GR in cultured astrocytes exposed to
CORT (B) or DEX (D) for 2 h, 48 h and 72 h. (n = 4 for each group treated with CORT and n = 6 for each group
treated with DEX). *P < 0.05, **P < 0.01 vs vehicle.

doi:10.1371/journal.pone.0159513.g001

control siRNA. The results showed that the expression of AMPK in AMPKoa.-siRNA treated
group was significantly lower than that in the vector-infected group (Fig 2C). Interestingly, the
expression of GR was also significantly reduced in the AMPKoa-sliencing group when com-
pared with the vector group (Fig 2D).

In order to identify whether glucocorticoids-induced downregulation of GR and pAMPK is
mediated by the GR itself in astrocytes, RU38486 (3 uM), a pharmacological blocker of GR
[29], was administrated together with DEX for 2 h, 48 h and 72 h. The result showed that
RU38486 could not prevent the DEX-induced suppression of AMPK (Fig 2E). These results
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Fig 2. Inhibition of AMPK reduces the expression of GR in cultured prefrontal cortical astrocytes.
Western blot images (upper) and summarized data (lower) showing the phosphorylation of AMPK (A) and GR
expression (B) in the cultured prefrontal cortical astrocytes treated with 10 uM Compound C (n = 5-6 for each
group) or 500 uM Ara-A (n = 7 for each group) for 2 h, 48 h and 72 h. **P < 0.01 vs vehicle (for treatment with
Compound C). *P < 0.05, **P < 0.01 vs vehicle (for treatment with Ara-A). Representative western blot
images and summarized data showing the expression of AMPKa (C) and GR (D) in the cultured astrocytes
treated with AMPKa-siRNA for 12 h. (n = 6 for each group). **P < 0.01 vs vector. (E) Representative western
blot images and summarized data showing the level of pAMPK in the cultured astrocytes treated with 1 uM
DEX and 3 yM RU38486 for 2 h, 48 h and 72 h. (n = 4 for each group). *P < 0.05, **P < 0.01 vs vehicle.

doi:10.1371/journal.pone.0159513.g002

suggest that AMPK plays a crucial role in the regulation of GR expression. However, the
decreased activity of AMPK induced by GCs is independent of GR.

Activation of AMPK reverses DEX-induced reduction of GR expression

To further testify the effect of AMPK on GR expression in prefrontal cortical astrocytes, we
examined the effects of AMPK activators on DEX-induced downregulation of GR. We had pre-
viously observed that the effect of AICAR on pAMPK was up to maximum at 24 h, therefore,
after incubation with DEX for 48 h, the astrocytes were further treated with AMPK activators
(AICAR, 1 mM; aspirin, 5 mM or metformin, 2 mM) for 24 h respectively. The levels of
PAMPK and GR were measured using western blot assay.

In the astrocytes treated with AICAR and DEX, the levels of pAMPK and GR were both
higher than those in the DEX-treated group (Fig 3A). Furthermore, the results from immuno-
fluorescent assay showed that DEX decreased the expression and nuclear localization of GR.
Similarly, the other two AMPXK activators, aspirin and metformin also prevented the decrease
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Immunofluorescent images of the cultured prefrontal cortical astrocytes treated with vehicle, DEX, DEX
+AICAR or AICAR showing different localization of GFAP (green, cell body and apophysis of astrocyte),
Hoechst33258 (dark blue, nucleus) and GR (pinkish red). Treatment with 1 mM AICAR for 24 h obviously
increased the level of GR when compared with DEX group. *P < 0.05, **P < 0.01 vs vehicle. *P < 0.05,
##P < 0.01 vs DEX.

doi:10.1371/journal.pone.0159513.g003

of pAMPK and GR in prefrontal cortical astrocytes induced by DEX (Fig 3B and 3C). These
alterations could be partially restored by AICAR (Fig 3D). The results suggest that AMPK acti-
vators can reverse the DEX-induced decrease in GR expression in cultured prefrontal cortical
astrocytes, which further indicates that the suppression of AMPK activity mediates the reduc-
tion of GR expression in chronic glucocorticoids stress.

Activation of SGK1 and inhibition of FOXOS3/LKB1/AMPK signaling
mediate DEX-induced decrease of GR expression

It has been demonstrated that glucocorticoid-inducible kinase 1 (SGK1) can be activated by
GCs and stress, which further inactivates FOXO3a by inhibitory phosphorylation at the
FOXO3a-Thr32 residue, thereby inhibiting the transcriptional function of FOXO3a [30, 31].
Liver kinase B1 (LKB1) is an upstream kinase of AMPK, and the transcription of LKBI is regu-
lated by FOXO3a [31]. Considering that chronic exposure to GCs decreased the level of
PAMPK, we then examined the effects of DEX on LKB1 and FOXO3a at first. Our results
showed that DEX exposure reduced the expression of LKB1 (Fig 4A) and increased the inhibi-
tory phosphorylation of FOXO3a (Fig 4B). Next we examined the role of SGK1 in DEX-
induced alterations of pFOXO3a and pAMPK using SGK1 inhibitor GSK650394 (GSK). It was
shown that GSK (400 nM) significantly attenuated DEX-induced inhibitory phosphorylation
of FOXO3a (Fig 4C) and prevented DEX-induced decrease in pAMPK (Fig 4D) and GR (Fig
4E). Consistent with the previous work, our results showed that SGK1/FOXO3/LKB1 signaling
may contribute to the decrease in AMPK activation induced by chronic exposure to GCs.

Dephosphorylation of HDAC5 mediates chronic DEX-induced decrease
in GR expression in cultured astrocytes

AMPK has been reported to suppress the activity and nuclear translocation of histone deacety-
lase 5 (HDACS) via phosphorylation of HDACS at the Ser259 and Ser498 sites. We investi-
gated whether HDACS played a role in AMPK-mediated regulation of GR expression in
prefrontal cortical astrocytes by employing HDACS inhibitors SAHA (1 uM) and SB939 (500
nM). The cultured astrocytes were treated with DEX (1 uM) for 48 h and then treated with
AICAR, SAHA or SB939 for 24 h. As shown in Fig 5A, the phosphorylation of HDACS5 at
Ser259 and Ser498 sites were both reduced by DEX treatment. Furthermore, the AMPK activa-
tor AICAR prevented the decreased of phosphorylated HDAC5 induced by DEX. These results
suggest that chronic exposure to DEX decreases the phosphorylation of HDACS, which could
be restored by AMPK activators.

To investigate the effect of HDACS5 in the expression of GR, the cultured astrocytes were
treated with DEX in the absence or presence of HDACS5 inhibitors SAHA or SB939 for 24 h
(DEX+SAHA/SB939). We found that the expression of GR in DEX+SAHA and DEX+SB939
groups was largely rescued when compared with the DEX alone group (Fig 5B). This result sug-
gests that inhibiting the activity of HDAC5 reverses DEX-induced decrease in GR expression.
Furthermore, we treated the cultured astrocytes with DEX and HDACS5 inhibitors together for
48 h (SAHA/SB939+DEX). The results showed that the expression of GR was significantly
higher in the SAHA/SB939+DEX groups than that in the DEX alone group (Fig 5C). This
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Fig 4. FOX03a mediates the downregulation of GR induced by chronic exposure to GCs. (A)
Representative western blot images and summarized data showing the decreased expression of LKB1 (A)
and the inhibitory phosphorylation of FOXO3a-Thr32 (B) in cultured astrocytes (n = 6 for each group). (C)
Representative western blotimages and summarized data showed that GSK650394 prevented the increase
in FOXO3a-Thr32 phosphorylation induced by DEX in cultured astrocytes (n = 6 for each group).
Representative western blot images and summarized data showed that GSK650394 prevented the decrease
in AMPK-Thr172 phosphorylation (n = 5 for each group) (D) and the decrease in GR expression (n = 4 for
each group) (E) induced by DEX in cultured astrocytes. *P < 0.05, **P < 0.01 vs vehicle. *P < 0.05,

#P <0.01 vs DEX.

doi:10.1371/journal.pone.0159513.g004

result demonstrates that inhibiting HDACS5 can prevent DEX-induced downregulation of GR.
Together, these results indicate that increased activity of HDAC5 mediates the decreased
expression of GR induced by DEX.

Metformin reverses chronic CORT exposure-induced behavioral
alteration and downregulation of GR in prefrontal cortex of rats

We then examined the effects of AMPK activator metformin (300 mg/kg, intragastric adminis-
tration, 14 days) on chronic CORT exposure (40 mg/kg, subcutaneous injection, 21 days)-
induced behavior alteration and downregulation of GR in prefrontal cortex of rats (Fig 6A). As
shown in Fig 6, the immobility time in the CORT exposure group was significantly longer than
that in the control group. Meanwhile, both metformin and fluoxetine efficiently attenuated the
increase of immobility time of the rats subjected to CORT exposure (Fig 6B). We also exam-
ined the alterations of GR and pAMPK in rat prefrontal cortex. The results showed that
chronic exposure of CORT led to downregulations of pAMPK (Fig 6C) and GR (Fig 6D),
which were significantly prevented by the treatments with fluoxetine or metformin (Fig 6C and
6D). However, treatment with metformin or fluoxetine had no effect on the loss of body weight
induced by CORT exposure in rats (S2 Fig). These results suggest metformin improves the
depression-like behavior induced by chronic exposure to CORT. Metformin also rescues the
decreased levels of pAMPK and GR induced by CORT in the prefrontal cortex (PFC) of rats.
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Fig 5. HDACS inhibitors reverse the decreased expression of GR induced by DEX in cultured prefrontal cortical astrocytes.
(A) Representative western blotimages and summarized data showing the phosphorylations (Ser498 and Ser259) of HDACS5 in the
cultured astrocytes treated with 1 yM DEX alone for 48 h (DEX), 1 uM DEX for 48 h and then 1 mM AICAR for 24 h (DEX+AICAR),
and 1 mM AICAR alone for 24 h (AICAR). (n = 4 for each group). (B) Representative western blot images and summarized data
showing the level of GR expression in cultured astrocytes treated with 1 uM DEX for 48 h (DEX), 1 yM DEX and 500 nM SAHA
together for 48 h (SAHA+DEX), and 1 yM DEX and 1 pM SB939 together for 48 h (SB939+DEX). (n = 8 for each group). (C)
Representative western blot images and summarized data showing the level of GR in cultured astrocytes treated with 1 uM DEX for
48 h (DEX), 1 uM DEX for 48 h and then 500 nM SAHA for 24 h (DEX+SAHA), and 1 uM DEX for 48 h and then 1 yM SB939 for 24 h
(DEX+SB939). (n = 8 for each group). *P < 0.05, **P < 0.01 vs vehicle. *P < 0.05, **P < 0.01 vs DEX.

doi:10.1371/journal.pone.0159513.g005
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Fig 6. Effects of metformin on depressive behavior and expression of GR in prefrontal cortex of rat after
chronic exposure to CORT. (A) Paradigm showing the procedure for administration of drugs and behavioral
experiments. (B) Bar graph showing the immobility time of rats in the forced swimming test (FST). Treatment with

metfo
days)

rmin for 14 days significantly decreased the immobility time when compared to CORT group (CORT for 21
(n=10-13 for each group). (C) Representative western blotimages and summarized data showing the

pAMPK (n = 10 for each group) (C) and GR (n = 7 for each group) (D) in PFC from the rats treated with vehicle,
CORT, CORT+Flu or CORT+Met. *P < 0.05, **P < 0.01 vs vehicle. *P < 0.05, **P < 0.01 vs CORT.

doi:10.

1371/journal.pone.0159513.g006

Discussion

In the present study, we investigated the mechanism by which GCs inhibits the expression of
GR in cultured prefrontal cortical astrocytes. We found that chronic exposure to excessive GCs
led to decreased expression of GR in rat prefrontal cortical astrocytes, which was associated
with the reduced level of AMPK phosphorylation. Activation of AMPK prevented DEX
induced downregulation of GR and depression-like behavior in rats. It was further shown that
DEX promoted the phosphorylation of FOXO3a and suppressed the expression of LKBI,
which were mediated by SGK1 as SGK1 inhibitor attenuated the effects of DEX. Furthermore,
AMPK inactivation-induced downregulation of GR in prefrontal cortical astrocytes is mediated
by the dephosphorylation of HDAC5. Together, our data support the hypothesis that AMPK is
crucial in modulating the expression of GR in rat prefrontal cortical astrocytes in chronic
stress.

Reduced number and altered morphology of glial cells in PFC have been shown to be
involved in the pathophysiology of MDD [19, 21, 32, 33]. Astrocytes act as an important infor-
mation barrier and transporter between the central nervous system (CNS) and the periphery
[34, 35]. In the chronic stress, the release of neurotrophic factors from astrocytes is reduced,
which leads to the structural changes and even apoptosis of the neuronal cells [18]. It has also
been shown that the stimulation of endogenous ATP release from astrocytes could induce

PLOS ONE | DOI:10.1371/journal.pone.015951
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antidepressant-like effects in mouse models of depression [6], suggesting that astrocyte-derived
ATP may be an important modulator in the regulation of depressive behaviors. These studies
suggest that astrocytes play important roles in depression. Therefore, we investigated the func-
tional alterations of astrocytes in the PFC under the condition of chronic GC stress, to deter-
mine the intrinsic involvement of astrocytes in chronic stress-induced disorders. In agreement
with previous studies [22, 36], we demonstrated that excessive and chronic exposure of GCs
reduced the expression of GR mainly in rat prefrontal cortical astrocytes, but not in neurons,
suggesting that chronic exposure of GCs maybe mainly affected the level pAMPK and GR in
astrocytes, however it could not exclude the possibility of effects on other cells. In addition, we
further showed that the decreased expression of GR was associated with decreased phosphory-
lation of AMPK, suggesting that AMPK may contribute to the downregulation of GR in
response to GCs stress. Indeed, administration of AMPK inhibitors or down-regulation of the
AMPK expression level by knockdown of AMPKo: subunit reduced the expression of GR, and
AMPK agonists reversed the decreased expression of GR induced by chronic exposure to GCs.
These results clearly demonstrated that decreased phosphorylation of AMPK is the cause of
down-regulated GR, which was further proved by the fact that GR inhibitor RU38486 could
not prevent the decreased phosphorylation of AMPK induced by DEX. When the GR was
blocked, the regulation of pAMPK by DEX seems was more pronounced. The reason may be
that the activity of GR mediated by GCs can promote the phosphorylation of AMPK depend-
ing on the concentration and duration of GCs, and GR blocker can prevent this effect [37].

Our results also indicated the ineffectiveness of GR inhibitor in preventing DEX-induced
effects, which raises the possibility that DEX might act on other targets in addition to GR.
Indeed, the previous study has shown that GCs not only promote the expression of SGK1, but
also directly activate SGK1 [38]. SGKI1 is an immediate-early gene responding to GCs [39, 40].
SGKI activity is not merely a downstream event of GR activation, but also involved in regulat-
ing CORT-induced nuclear translocation of GR [30]. GR-dependent upregulation of SGK1
may be a supporting mechanism for maintaining and prolonging GR activation after exposure
to increased GC levels, such as stress, and even after GC levels have returned to normal range
[30, 31]. In line with these studies, our further exploration showed that blockade of SGK1 can
prevent the decline of AMPK phosphorylation and GR expression induced by chronic expo-
sure to excessive GCs, indicating that SGK1 activation mediates these changes induced by
chronic GCs exposure.

AMPK acts as a sensor of cellular energy status, which is activated by the increase of cellular
AMP:ATP ratio [27]. AMPK is allosterically activated by high AMP concentrations [41]. Once
activated, AMPK switches on ATP-producing pathways and simultaneously inhibits ATP-con-
suming processes in order to sustain energy homeostasis [42]. The activation of AMPK in
response to elevated AMP involves phosphorylation by an upstream kinase LKB1. Thus, we exam-
ined the effect of DEX on LKBI expression. Consistent with the decreased phosphorylation of
AMPXK, our results revealed that chronic exposure to GCs decreased the expression of LKB1. Fur-
thermore, as a GR-targeting transcription-associative factor, FOXO3 coordinates the expression of
LKB1 and other target genes depending on the metabolic status of the cell [31, 43, 44]. Transloca-
tion of FOXO3a into nucleus promotes the transcription of the LKB1, while GCs-induced activa-
tion of SGK1 phosphorylates FOXO3a and inhibits its transcriptional activity [31]. Consistently,
we showed that DEX significantly increased the phosphorylation of FOXO3a at Thr32 sites in a
SGK1-dependent manner. Taken together, our results demonstrated that GC-induced downregu-
lation of GR is mediated by the SGK1-FOXO3a-LKB1-AMPK signaling pathway.

After establishing the upstream signaling pathway of AMPK, we continued to delineate
downstream signaling pathway of AMPK mediating the downregulation of GR by chronic GCs
exposure. It has been demonstrated that activation of AMPK inhibits the nuclear translocation
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and the deacetylation activity of HDAC5. HDACS is the main histone deacetylase in brain, and
it contributes to the transcription of a series of related genes via phosphorylation at two serine
residues-Ser498 and Ser259 [26, 28]. First of all, we examined the effect of DEX on HDAC5
phosphorylation. Our results clearly showed that chronic DEX exposure decreased the phos-
phorylation of HDACS, which could be prevented by the application of AMPK activator
AICAR. It therefore suggests that HDACS plays a role in the downregulation of GR by DEX
treatment. More importantly, HDACS5 inhibitors SAHA and SB939 both effectively blocked
DEX-induced downregulation of GR in cultured prefrontal cortical astrocytes. These results
indicate that HDACS is involved in AMPK-mediated downregulation of GR.

Chronic stress can be practically mimicked by chronic subcutaneous injection of corticoste-
rone in the stress model of rats [4, 45]. We found that AMPK agonist metformin, as well as flu-
oxetine decreased the immobility time of rats exposed to chronic corticosterone exposure in
forced swimming test. This finding suggests that adequate activation of AMPK has antidepres-
sant effects, although the underlying molecular mechanisms need further elucidation.

In conclusion, we initiatively assumed and demonstrated the hypothesis that the functional
declines of AMPK and GR in prefrontal cortical astrocytes are intimately associated with the
process of chronic GCs exposure, which may play critical roles in the chronic stress-induced
pathogenesis of depression. We testified that the reduction in activated AMPK mediated the
decreased expression of GR induced by chronic exposure to GCs, via at least partially HDAC5
signaling pathway. Our findings indicate that the AMPK activator metformin may represent a
potential candidate for preventive and therapeutic intervention against chronic stress-induced
psychiatric disorders, such as depression.
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