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Summary 
Recent studies have suggested that the hypothalamus has 
an important role in aging by regulating nuclear factor-κB  
(NF-κB)-directed gonadotropin-releasing hormone (GnRH) decline. 
Moreover, our previous study has shown that ischemia-reperfusion 
(IR) injury activates NF-κB to reduce hypothalamic GnRH release, 
thus suggesting that IR injury may facilitate hypothalamic 
programming of system aging. In this study, we further examined 
the role of phosphoinositide 3-kinase (PI3K)/Protein kinase B (Akt) 
pathway, a critical intracellular signal pathway involved in the 
repair process after IR, in hypoxia-reoxygenation (HR)-associated 
GnRH decline in vitro. We used GT1-7 cells and primarily-cultured 
mouse GnRH neurons as cell models for investigation. Our data 
revealed that the activation of the PI3K/Akt/Forkhead box protein 
O3a (FOXO3a) pathway protects GnRH neurons from HR-induced 
GnRH decline by preventing HR-induced gnrh1 gene inhibition and 
NF-κB activation. Our results further the understanding of the 
regulatory mechanisms of HR-associated hypothalamic GnRH 
decline.  
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Introduction 
 

Cerebral ischemia and reperfusion (IR) injury is 
the leading cause of mortality worldwide. It causes 
inflammation, increases oxidative stress, and may even 

lead to irreversible neurodegeneration by causing 
synaptic dysfunction and neuronal death [1]. Recent 
studies have suggested that hypothalamic neurons are 
more vulnerable to IR than cortical and hippocampal 
neurons [2,3].  

It has also been suggested that the hypothalamus 
has an important role in aging [1,4]. Hypothalamus-
driven programmatic aging has been associated with  
NF-κB-directed gonadotropin-releasing hormone (GnRH) 
decline and GnRH decline-induced impairment of 
neurogenesis [1,4]. NF-κB has been demonstrated to 
inhibit GnRH secretion from hypothalamus via inhibition 
of gnrh gene [1,4]. Moreover, our previous study has 
shown that IR injury activates NF-κB to reduce 
hypothalamic GnRH release, suggesting that hypoxia-
reoxygenation (HR) injury may facilitate hypothalamic 
programming of system aging [2]. The PI3K/Akt 
pathway is a critical intracellular signal pathway involved 
in the repair process of various tissues during cerebral 
ischemic insult [3,5,6]. Phosphorylation of Akt by PI3K 
promotes cell survival against cerebral ischemic damage 
by phosphorylation and subsequent inactivation of many 
proapoptotic proteins, such as glycogen synthase kinase 
3β, Bad, and Forkhead transcription factors (FOXO) 
[3,5,6]. However, whether PI3K/Akt pathway has a role 
in HR-induced GnRH reduction remains unclear. In this 
study, we further examined the role of the PI3K/Akt 
pathway in HR-associated GnRH decline in vitro, using 
GT1-7 cells and primarily-cultured mouse GnRH neurons 
as cell models for investigation.  
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Methods 
 
Cell culture  

GT1-7 cells (BioVector NTCC Inc) were 
cultured in Dulbecco's modified eagle medium (DMEM; 
American Type Culture Collection) supplemented with 
10% FBS, Invitrogen; Thermo Fisher Scientific, Inc.), 
100 IU/ml penicillin (Invitrogen; Thermo Fisher 
Scientific, Inc.), and 100 g/ml streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.) in a humidified 
atmosphere containing 5%CO2/95% air at 37ºC. 

Moreover, primary hypothalamic neurons were 
isolated from E17 CD1 mice embryos as previously 
reported [7]. A total of five hypothalami from embryonic 
mice were isolated. Single-cell suspension was then 
obtained using trituration. Cells were cultured in DMEM 
supplemented with 10% FBS, 10% heat-inactivated 
defined horse serum, 1% penicillin-streptomycin, and  
20 mM D-glucose in fresh sterile cell dish coated with 
100 μg/ml poly-L-lysine (Sigma-Aldrich; Merck KGaA) 
at 37˚C with 5% CO2.  

 
Lentivirus-mediated shRNA silencing of FOXO3a 

Lentivirus-mediated shRNA silencing was 
performed as follows [8, 9]. The FOXO3a shRNA-
expressing plasmid was purchased from Origene 
Technologies, Inc. A negative “scrambled” control was 
purchased from Miaoling (www.miaolingbio.com). The 
FOXO3a shRNA-expressing and control plasmid, the 
packaging plasmid (pCMV-dr8.2 dvpr; Miaoling), and 
the envelop plasmid (pCMV-VSV-G, Miaoling) were 
transfected into HEK293T cells using FuGENE 6 
(Promega Corporation). Virus-containing supernatants, 
collected three days post-infection, were then used to 
infect GT1-7 cells or primary hypothalamic neurons in 
the presence of polybrene (8 μg/ml, overnight). To select 
stable clones expressing the shRNA, cells were incubated 
for 48 h in complete medium and then subjected to 
puromycin (2 μg/ml; 3 days) selection. 

 
HR induction  

HR induction was conducted as previously 
described [2]. Briefly, cells in the HR group were treated 
with an ischemia-mimetic solution and incubated in 95% 
N2 and 5% CO2 for 8 h. Cells were then incubated in 
DMEM with 4.5 g/l glucose (pH 7.2-7.4) at 37 °C with 
95% air and 5% CO2 for 2 h. Cells of the normoxic group 
were exposed to DMEM with 4.5 g/l glucose  
(pH 7.2-7.4) at 37 °C with 95% air and 5% CO2 for 10 h. 

To activate the PI3K/Akt pathway, 20 μM PI3K activator 
740 Y-P (ApexBio Technology LLC) was added 30 min 
before HR induction. 

 
GnRH release  

GT1-7 cells were plated at 1×106/ml while 
primary hypothalamic neurons were plated at 2×106/ml. 
After drug treatment, the supernatant was collected and 
GnRH levels were determined using the luteinizing 
hormone-releasing ELISA kit (MyBioSource, Inc.) 
following the manufacturer’s instructions [10]. 
Spectrophotometric data were obtained at 450 nm in 
a Victor-2 Multilabel counter (Perkin-Elmer Inc.).  

 
Phosphorylation of nuclear factor of Akt, κ light 
polypeptide gene enhancer in B-cells inhibitor α (IκBα) 
and FOXO3a by PI3K activator 

Phosphorylation of phosphorylated p-Akt,  
p-IκBα and p-FOXO3a were analyzed using Western blot 
analysis as previously described [10]. Following HR 
induction, cells were lysed in lysis buffer containing 
Protease/Phosphatase Inhibitor Cocktail (Cell Signaling 
Technology, Inc.). Cell lysates were subjected to  
SDS–PAGE and electrotransferred to a polyvinylidene 
fluoride (PVDF) membrane. The membrane was then 
incubated with primary antibodies against p-IκBα 
(1:1,000; Ser32/36; Cell Signaling Technology, Inc.), 
GAPDH (1:1,000; Abcam), p-Akt (1:1,000; Ser473; Cell 
Signaling Technology, Inc.) or total Akt (1:1,000; Cell 
Signaling Technology, Inc.), or p-FOXO3a (1:1,000; 
Thr32; Cell Signaling Technology, Inc.) followed by 
1:3,000 Goat anti-mouse or anti-rabbit IgG-HRP (Santa 
Cruz Biotechnology, Inc.). Protein bands were quantified 
using BioRad GS800 densitometer equipped with 
“Quantity One” software package.  

 
Nuclear localization of FOXO3a and NF-κB 

The nuclear localization of FOXO3a and NF-κB 
was analyzed using Western blot. Briefly, cells were 
lysed in subcellular fractionation buffer (250 mM 
sucrose;20 mM HEPES;pH 7.4;10 mM KCl; 1.5 mM 
MgCl2;1 mM EDTA;1 mM EGTA;1 mM PVDF;1 mM 
dithiothreitol) after drug treatment. Cell lysates were 
passed through a 25-gauge needle ~10 times and then 
incubated on ice for 20 min. The nuclear pellet was 
obtained after centrifugation of cell lysates at 3000 rpm 
for 5 min. The cytosolic pellet was obtained after 
centrifugation of the supernatant at 8000 rpm for 10 min. 
Nuclear and cytosolic fractions were mixed with SDS  
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Fig. 1. Activation of PI3K/Akt/ 
FOXO3a pathway mitigates  
HR-induced decrease of GnRH 
release. (A) Cells were transfected 
with FOXO3a shRNA or control 
shRNA. FOXO3a was then analyzed 
by Western blot. Representative 
western blot image for FOXO3 was 
shown. (B) Cells transfected with 
FOXO3a shRNA or control shRNA 
were treated with a PI3K activator, 
after which were exposed to HR. 
Then, GnRH released into the 
medium was measured by an EIA kit. 
n=5. *P<0.01, compared with the 
control group; # P<0.01, compared 
with HR group. (1C-1H) Cells were 
treated with or without a PI3K 
activator for 30 min. Levels of p-Akt, 
FOXO3a and p-FOXO3a were then 
analyzed by Western blot. n=4. 
*P<0.01, compared with the control 
group. Representative western blot 
image for p-Akt was shown in C. The 
relative band intensities of p-Akt 
were qualified and shown in D. 
Representative western blot image 
for FOXO3a was shown in E. The 
relative band intensities of FOXO3a 
were qualified and shown in F. 
Representative western blot image 
for p-FOXO3a was shown in G. The 
relative band intensities of p-FOXO3a 
were qualified and shown in H. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

loading dye, subjected to SDS–PAGE, and 
electrotransferred to a PVDF membrane. The membrane 
was probed with antibodies to FOXO3a (1:1,000; Santa 
Cruz Biotechnology, Inc.) or p65 (1:400; Abcam) 
followed by 1:5,000 Goat anti-rabbit IgG-HRP (Santa 
Cruz Biotechnology, Inc.). Actin (Santa Cruz 
Biotechnology, Inc.) was used as a cytoplasmic marker, 
and lamina A (Santa Cruz Biotechnology, Inc.) was used 
as a nuclear marker. 

Gnrh1 promoter activity  
Gnrh1 promoter activity was determined using 

the Dual-Luciferase kit (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Briefly, cells 
were seeded into 96-well plates (10,000 cells/well) for  
12 h. Cells were then transfected with pGL3-based gnrh1 
promoter-driven luciferase plasmids (47.5 ng/well; 
Miaoling) using Lipofectamine for 48 h [11]. Meanwhile, 
cells were transfected with pRL-SV40 Renilla luciferase 
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plasmid (47.5 ng/well; Promega Corporation) as  
an internal control. Cells were lysed after drug treatment, 
and a Luciferase Dual Assay was performed according to 
the manufacturer's protocol using the same Victor-2 
Multilabel counter. All experiments were repeated in 
triplicate. 

 
Statistical analysis 

Statistical analysis was conducted using SPSS 
software (SPSS, Inc.) version 15.0. Normal distribution 
of data was analyzed using the Ryan-Joiner test, and 
variance homogeneity was analyzed using Levene’s test 
of Equal Variances. A two independent sample t-test was 
applied to compare the means of two groups. A one-way 
ANOVA was applied to compare the means of multiple 
groups. 

 
Results  

 
Activation of the PI3K/Akt pathway mitigates HR-induced 
GnRH decline via FOXO3a 

To investigate whether the PI3K pathway 
activation affects the HR-related GnRH reduction, GT1-7 
cells were exposed to HR in the presence or absence of 
20 μM PI3K activator 740 Y-P. The results showed that 
the release of GnRH was significantly decreased under 
HR conditions; yet, the PI3K activator could mitigate this 
process (P<0.01 vs. control; Fig. 1B). Moreover, the 
beneficial effect of the PI3K activator was abrogated by 
the FOXO3a knockdown (Fig. 1A, B). 

Since Akt and FOXO3a have been identified as 
direct substrates of PI3K [12-14] we further investigated 
whether Akt and FOXO3a are associated with the 
protective effect of PI3K activator against HR-induced 
GnRH reduction. The PI3K activator induced the 
phosphorylation of Akt and enhanced the 
phosphorylation and nuclear localization of FOXO3a in 
GT1-7 cells (P<0.01; Fig. 1C-1H). These results revealed 
that the activation of the PI3K/Akt/FOXO3a pathway 
could mitigate the decrease of GnRH release under HR. 
Activation of the PI3K/Akt pathway prevents HR-induced 
inhibition of the gnrh1 gene via FOXO3a 

Our previous study revealed that HR-related 
GnRH decrease is associated with reduced hypothalamic 
gnrh1 promoter activity [1,4]. The present study further 
discovered that the gnrh1 promoter activity was reduced 
to ~50% under HR. To verify whether the activation of 
the PI3K/Akt/FOXO3a pathway affects the decrease of 
gnrh1 promoter activity under HR, FOXO3a-ablated and 
scrambled control cells were exposed to HR in the 

presence or absence of PI3K activator. In control cells, 
the PI3K activator prevented the inhibition of gnrh1 
promoter activity under HR (P<0.01; Fig. 2); yet, this 
was not observed in FOXO3a-ablated cells (Fig. 2).  

 
 

 
 
Fig. 2. Activation of PI3K/Akt/FOXO3a pathway prevents  
HR-induced inhibition of gnrh1 gene. Cells transfected with  
a plasmid expressing a gnrh1-promoter + luciferase reporter 
gene and FOXO3a shRNA (or control shRNA) were treated with 
PI3K activator, after which were exposed to HR. Gnrh1 promoter 
activities were then measured using the Dual-Luciferase kit. n=5. 
*P<0.01, compared with the control group. 
 
 
Activation of the PI3K pathway abrogates HR-induced 
NF-κB activation via FOXO3a 

NF-κB has been reported to be involved in an 
aging-related decrease in hypothalamic gnrh1 promoter 
activity and GnRH release [1,4]. Cytoplasmic inactivated 
NF-κB binds to IκBα protein, a member of a family of 
cellular proteins, whose function is to inhibit the NF-κB 
[11,15]. NF-κB can be activated by different 
mechanisms, including phosphorylation and subsequent 
degradation of IκBα [11, 15]. In this study, we found that 
HR promotes IκBα phosphorylation and enhances the 
nuclear localization of NF-κB. Yet, treatment of cells 
with PI3K activator abrogated HR-induced activation of 
NF-κB (P<0.01; Fig. 3). Moreover, the PI3K activator 
exhibited no effects on FOXO3a-ablated cells (Fig. 3). 
This result suggested that the PI3K/Akt/FOXO3a 
pathway abrogates HR-induced NF-κB activation. 

 
Activation of the PI3K/Akt pathway mitigates HR-induced 
GnRH decline in primary hypothalamic neurons via 
FOXO3a 

To confirm the involvement of the 
PI3K/Akt/FOXO3a pathway in HR-induced GnRH 
decline, some experiments were repeated in primary 
hypothalamic neurons (Fig. 4). As expected, HR 
significantly decreased the release of GnRH from primary 
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hypothalamic neurons (P<0.01). Contrary, the treatment 
of cells with PI3K activator prevented HR-induced GnRH 
decline (P<0.01; Fig. 4); this process could be abrogated 
by the knockdown of FOXO3a (Fig. 4). 

 
Discussion  

 
The mammalian FOXO family consists of 

FOXO1, 3a, 4, and 6 [16,17]. FOXO factors are 

predominantly localized to the nucleus, where they 
regulate genes associated with the cell cycle, cell death, 
and oxidative stress response [18]. In the presence of 
growth factors, FOXOs are phosphorylated by Akt, after 
which they translocate to the cytoplasm [19, 20]. 
FOXO3a is believed to be the key target of the 
PI3K/AKT pathway [12-14,21]. A previous study 
discovered that the activation of the PI3K/Akt/FOXO3a 
the PI3K/Akt/FOXO3a pathway promotes cell apoptosis

 
 

 
 
Fig. 3. Activation of PI3K/Akt/FOXO3a pathway abrogates HR-induced NF-κB activation. Cells transfected with FOXO3a shRNA or control 
shRNA were exposed to a PI3K activator, after which were exposed to HR. p-IκBα and NF-κΒ p65 were then analyzed by Western blot. 
n=4. *P<0.01, compared with the control group. p-IκBα and NF-κΒ p65 were then analyzed by Western blot. n=4. *P<0.01, compared 
with the control group. Representative western blot image for p-IκBα was shown in A. The relative band intensities of p-IκBα were qualified 
and shown in B. Representative western blot image for NF-κΒ p65 of WT cells was shown in C. The relative band intensities of NF-κΒ p65 
of WT cells were qualified and shown in D. Representative western blot image for NF-κΒ p65 of cells transfected with FOXO3a shRNA was 
shown in E. The relative band intensities of NF-κΒ p65 of cells transfected with FOXO3a shRNA were qualified and shown in F. 
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Fig. 4. Activation of PI3K/Akt/FOXO3a pathway prevents HR-
induced decrease of GnRH release in primary hypothalamic 
neurons. Neurons were treated with a PI3K activator, after which 
were exposed to HR. Then, GnRH released into the medium was 
measured by an EIA kit. n=5. *P<0.01, compared with the 
control group. 

 
 

pathway stimulates spinal cord regeneration following 
injury in adult rats [21]. In contrast, the inactivation of  
[12-14]. In this study, we hypothesized that the activation 
of the PI3K/Akt pathway might positively affect  
HR-associated GnRH decline. To the best of our 
knowledge, this is the first study that demonstrated that 
PI3K/Akt pathway prevented GnRH reduction under HR 
via FOXO3a. 

Previous studies have reported that the HR-
related decrease of hypothalamic GnRH is associated 
with an inflammation-induced decrease of hypothalamic 
gnrh1 promoter activity [1, 4]. In support of this finding, 
the present study demonstrated that gnrh1 promoter 
activity was suppressed under HR. The 
PI3K/Akt/FOXO3a pathway prevented HR-induced 
inhibition of gnrh1 promoter activity, suggesting that the 
PI3K/Akt/FOXO3a pathway prevents HR-induced GnRH 
reduction via the regulation of the gnrh1 gene.  

Hypothalamic GnRH release is mediated by  
NF-κB signaling [1,4]. NF-κB in an inactive state is 
located in the cytoplasm and sequestered with IκBα 
[11,15]. Pleiotropic extracellular factors can initiate 
phosphorylation cascades that lead to the degradation of 
IκBα by proteasomes, allowing translocation of active 
NF-κB into the nucleus [11,15]. NF-κB activity is 
regulated by a number of different mechanisms, including  
 

the degradation of IκB [11,15]. In the present study, HR 
enhances IκB phosphorylation and NF-κB activation in 
GT1-7 cells. The PI3K/Akt/FOXO3a pathway can 
prevent HR-induced NF-κB signaling, thus suggesting 
that the PI3K/Akt/FOXO3a pathway could inhibit NF-κB 
activation via IκB. NF-κB has been demonstrated to be 
involved in an aging-related decrease in hypothalamic 
gnrh1 promoter activity and GnRH release [1,4]. In the 
current study, the PI3K/Akt/FOXO3a pathway prevented 
GnRH decline under HR, possibly through the direct 
inhibition of gnrh1 gene and/or indirect inhibition of 
gnrh1 promoter activity through the promotion of NF-κB 
activation.  

In summary, the current study indicated that 
activation of the PI3K/Akt/FOXO3a pathway protects 
GnRH neurons from HR-induced GnRH decline by 
preventing HR-induced gnrh1 gene inhibition and NF-κB 
activation. These results further the understanding of the 
regulatory mechanisms of HR-associated hypothalamic 
GnRH decline. 
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