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Abstract

The FOXO1 transcription factor is important for multiple aspects of reproductive function. We 

previously reported that FOXO1 functions as a repressor of gonadotropin hormone synthesis, but 

how FOXO1 is regulated in pituitary gonadotropes is unknown. The growth factors, insulin and 

insulin-like growth factor I (IGF1) function as key regulators of cell proliferation, metabolism and 

apoptosis in multiple cell types through the PI3K/AKT signaling pathway. In this study, we found 

that insulin and IGF1 signaling in gonadotropes induced FOXO1 phosphorylation through the 

PI3K/AKT pathway in immortalized and primary cells, resulting in FOXO1 relocation from the 

nucleus to the cytoplasm. Furthermore, insulin administration in vivo induced phosphorylation of 

FOXO1 and AKT in the pituitary. Thus, insulin and IGF1 act as negative regulators of FOXO1 

activity and may serve to fine-tune gonadotropin expression.
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1. Introduction

The forkhead box O1 (FOXO1) transcription factor was first recognized as being important 

for human health when it was identified in a chromosomal translocation in alveolar 

rhabdomyosarcoma tumors (1); it was later recognized as a tumor suppressor (2). While the 

FOXO1 null mouse is embryonic lethal at embryonic day 10.5, in vitro studies and tissue 

specific knockouts have provided insight into the functions of FOXO1 (3–6). Cellular 

stressors such as nutrient deprivation, oxidative stress, DNA damage, or endoplasmic 

reticulum stress have been shown to activate FOXO1 (7–9). In response, FOXO1 modulates 

genes associated with autophagy, cell cycle and DNA repair (9–13). Thus, FOXO1 regulates 

cell-stress resistance and cell longevity, but can also promote cell apoptosis (14).

© 2015 Published by Elsevier Ireland Ltd.
*To whom correspondence should be addressed: Department of Reproductive Medicine, University of California San Diego, MC 
0674, 9500 Gilman Drive, La Jolla, CA 92093, Phone: (858) 822-7693, Fax: (858) 534-1438, vthackray@ucsd.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2016 April 15.

Published in final edited form as:
Mol Cell Endocrinol. 2015 April 15; 405: 14–24. doi:10.1016/j.mce.2015.02.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several diverse functions of FOXO1 have been identified and characterized in the 

reproductive organs (15). In the human uterus during endometrial decidualization, FOXO1 

expression is significantly increased leading to FOXO1 upregulation of p57Kip2, a cell cycle 

inhibitor, and repression of several other genes important for cell cycle progression (16). 

Based on these findings, FOXO1 is considered to be an important regulator of the decidual 

process (16). In ovarian granulosa cells, knockdown of FOXO1 had no effect on ovarian 

morphology, yet the mice were subfertile (17). Further investigation revealed that FOXO1 

participates in follicle atresia, likely by enhancing apoptosis (17). FOXO1 is also necessary 

for spermatogonial stem cell homeostasis and spermatogenesis in the testes (18).

While FOXO1 function in the gonads and uterus has been characterized, little is known 

about its function in the central portion of the hypothalamic-pituitary-gonadal axis. In the 

pituitary, the gonadotropin hormones, luteinizing hormone (LH) and follicle stimulating 

hormone (FSH), are produced exclusively in gonadotrope cells (19–21). Both LH and FSH 

are necessary for human fertility (22–24). LH and FSH are heterodimers composed of a 

common alpha subunit (CGA) and a unique beta subunit (LHB or FSHB) that provides 

hormone specificity (25). Gonadotropin synthesis and secretion are primarily regulated by 

gonadotropin releasing hormone (GnRH), but other hormones such as steroids, activin, 

follistatin, and inhibin also modulate gonadotropin production (26). GnRH is produced in 

the hypothalamus and released in a pulsatile pattern. GnRH binds to the GnRH receptor 

(GnRHR), a G-protein coupled receptor, on the cell surface of gonadotropes (27). GnRHR 

stimulation drives gonadotropin gene transcription primarily by signaling through protein 

kinase C (PKC) (28). PKC activates several mitogen activated protein kinase (MAPK) 

cascades, resulting in the phosphorylation and activation of p38, cJun N-terminal kinases 

(JNK) and extracellular-signal regulated kinases (ERK) (29). These MAPKs increase the 

expression or activity of several transcription factors, such as early growth response protein 

1 (EGR1), cJUN, cFOS, and activating transcription factor 2 (ATF2), mediating CGA, LHB 

and FSHB synthesis (28).

FOXO1 was recently reported to be an inhibitor of gonadotropin production, expanding 

FOXO1’s influence on fertility (30–32). FOXO1 protein has been identified in murine and 

rat gonadotrope cells (30, 33). While FOXO1 protein expression has not been characterized 

in human pituitary, FOXO1 mRNA levels were found to be decreased seven fold in human 

null cell and gonadotrope pituitary tumors (34). FOXO1 was also expressed in immortalized 

murine gonadotrope-derived cell lines: αT3-1 cells, which only express CGA and represent 

an immature gonadotrope lineage, and in LβT2 cells, which express CGA, LHB and FSHB 

(30, 33, 35, 36). In gonadotrope cells, FOXO1 overexpression suppressed transcription of 

both human and rodent basal and GnRH stimulated LHB and FSHB (30–32). These data 

suggest that FOXO1 suppression of the gonadotropin promoters may be conserved between 

rodents and humans. FOXO1 suppression of Fshb and Lhb required an intact FOXO1 DNA 

binding domain, but electrophoretic mobility shift assays revealed that FOXO1 did not bind 

to the proximal Lhb or Fshb promoters, although the proximal promoter was sufficient for 

FOXO1 suppression (30–32). These studies suggest that FOXO1 suppresses gonadotropin 

synthesis independent of direct DNA binding, likely through protein complex formation 

with transcription factors important for gonadotropin synthesis, such as paired-like 
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homeodomain transcription factor 1 (PITX1) (30, 31). Protein-protein interaction of FOXO1 

with other transcription factors is a known mechanism by which FOXO1 activates or 

suppresses its gene targets (37). While FOXO1 has been identified as a potential inhibitor of 

gonadotropin synthesis, the cellular conditions and signaling pathways that regulate FOXO1 

function in gonadotropes are unknown.

Previous studies have suggested that insulin-like growth factor I (IGF1) stimulation of 

αT3-1 cells or insulin treatment of LβT2 cells can result in FOXO1 phosphorylation (30, 

38). The growth factors, insulin and IGF1 act as indicators of nutritional status and provide 

pro-survival signals to cells (39, 40). Insulin and IGF1 have unique receptors, yet 

stimulation of the insulin receptor or IGF1 receptor results in activation of the 

phosphatidylinositol-3 kinase (PI3K)/AKT pathway (41). PI3K activation leads to the 

phosphorylation of AKT, which directly phosphorylates FOXO1 on Ser256, then Ser319 

and Thr24 (42, 43). Phosphorylation of these key FOXO1 residues by AKT exposes a 

nuclear export sequence, permitting export of FOXO1 to the cytoplasm and thereby 

inhibiting its nuclear activity (44). While the insulin and IGF1 signaling pathways are 

established regulators of FOXO1 in other tissues, such as adipocytes, pancreatic beta cells 

and hepatocytes, it is unknown if this type of signaling regulation of FOXO1 occurs in 

gonadotrope cells (8, 45–47).

Using rat primary pituitary cells and gonadotrope-derived cell lines, multiple studies have 

demonstrated that the canonical insulin/IGF1 signaling pathway is present in gonadotropes. 

The insulin receptor, IGF1 receptor, PI3K p85 subunit, and AKT have been identified in 

gonadotropes (38, 48–51). In addition, insulin has been reported to induce Lhb synthesis in 

LβT2 cells and LH secretion in rat primary pituitary cells (48, 52–55). Furthermore, insulin 

enhanced GnRH-induced Lhb synthesis (48, 56). Pharmacologic inhibition of PI3K with 

LY294002 suppressed basal and GnRH-induced Fshb synthesis in LβT2 cells and cultured 

rodent pituitary cells, implicating the PI3K pathway in Fshb production (31, 32). A recent 

report also suggested GnRH may negatively regulate FOXO1 (32). Accordingly, the goal of 

this study was to investigate how hormone signals such as insulin, IGF1 and GnRH regulate 

FOXO1 signaling to potentially impact gonadotropin production in the pituitary.

2. Materials and methods

2.1 Reagents

AKT1/2 inhibitor VIII (AKTi), IGF1, and LY294002 were purchased from EMD 

Chemicals, Inc. (San Diego, CA). Dimethyl sulfoxide (DMSO), insulin and GnRH were 

purchased from Sigma-Aldrich (St. Louis, MO).

2.2 Cell Culture

LβT2 cells (35) were maintained in 10-cm plates in DMEM (Dulbecco’s modification of 

Eagle’s medium) from Mediatech Inc. (Mannassas, VA), supplemented with 10% fetal 

bovine serum (FBS) (Gemini Bio-products, West Sacramento, CA) and penicillin/

streptomycin (Life Technologies, Grand Island, NY) (10% FBS DMEM) at 37°C and 5% 

CO2.
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Primary cells were obtained from 10–12 week old male C57BL/6 mice (Harlan 

Laboratories, Indianapolis, IN) and cultured as previously described (31). Briefly, mice were 

sacrificed and their pituitaries were collected in ice-cold Dulbecco’s phosphate-buffered 

saline (PBS). After a PBS rinse, the pituitaries were minced on ice with fine scissors and 

then placed in dissociation media containing phosphate buffered 0.25% trypsin-EDTA (Life 

Technologies) and 0.25% collagenase (Life Technologies). The pituitaries were shaken for 

30 minutes at 37°C in a water bath, then an equal volume of 10% FBS DMEM was added 

along with DNaseI (Worthington Biochemical, Lakewood, NJ) at a final concentration of 25 

μg/mL and incubated for another 15 minutes at 37°C. After removal of tissue debris, the 

cells were pelleted by centrifugation and plated at a density of 1×106/2 cm2 well in Primaria 

plates (BD Biosciences, San Jose, CA). The cells were placed in serum-free media 18 hours 

prior to hormone treatment. All animal procedures were conducted in accordance with the 

UCSD Institutional Animal Care and Use Committee requirements.

2.3 Western blot

To harvest cells, the treatment-containing media was removed and the cells were washed 

twice in cold PBS, then scraped in a lysis buffer [10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

1% Nonidet P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, complete protease 

inhibitor mixture tablet (Roche Applied Science, Indianapolis, IN) and phosphatase inhibitor 

mixture tablet (Roche Applied Science)] and rotated for 10 minutes at 4°C. Lysates were 

centrifuged at 16,000 x g at 4°C for 30 minutes. The protein concentration of the supernatant 

was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA), and an equal 

amount of protein per sample was loaded on a 10% SDS-PAGE gel. Proteins were resolved 

by electrophoresis and transferred for 2 hours at 100 V onto polyvinylidene difluoride 

membranes (Millipore, Billerica, MA). Blots were blocked overnight in 5% non-fat milk, 

then probed overnight at 4°C with primary antibody. Primary antibodies used for western 

were ERK (sc-94; 1:1000), ERK pTyr204 (sc-7383; 1:1000), FOXO1 (sc-11350; 1:1000), 

FOXO1 pSer319 (sc-101682; 1:1000), AKT (sc-8312; 1:1000), GAPDH (sc-25778; 

1:3000), and beta-Tubulin (sc-9104; 1:3000), which were obtained from Santa Cruz 

Biotechnology, Inc. (Dallas, TX). FOXO1 pThr24 (9464; 1:1000), FOXO1 pSer256 (9461; 

1:1000), AKT pThr308 (2965; 1:1000), and AKT pSer473 (4051; 1:1000) were purchased 

from Cell Signaling Technology, Inc. (Beverly, MA). Blots were washed and then incubated 

with anti-rabbit horseradish peroxidase-linked (HRP) (sc-2004; 1:5000) or anti-mouse HRP 

secondary antibody (sc-2005; 1:3000) as appropriate (Santa Cruz Biotechnology, Inc.). 

Bands were visualized using the SuperSignal West Dura Substrate (Thermo Scientific, 

Rockford, IL). Densitometric analysis of band intensity was performed using ImageJ 

software (National Institute of Health, Bethesda, MD).

2.4 Immunofluorescence of LβT2 cells

LβT2 cells were plated onto poly-L-lysine coverslips (BD Biosciences, Bedford, MA). After 

24 hours, the media was changed to serum-free media for overnight serum starvation. The 

next morning, cells were treated as described for each experiment with hormone, inhibitor or 

both. After treatments, cells were then washed twice with PBS and fixed with 4% 

formaldehyde for 10 minutes. Cells were washed twice with PBS and permeabilized for 1 

hour with Nonidet P-40 solution (PBS containing 0.2% Nonidet P-40, 20% goat serum, 1% 
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BSA) at room temperature. Cells were washed twice in PBS and incubated with FOXO1 

primary antibody (1:100) in blocking buffer (PBS containing 20% goat serum, 1% BSA) for 

48 hours at 4 °C. Cells were washed 3 times with PBS for 5 minutes and incubated with 

Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Life Technologies, 

A-11008; 1:300) in blocking buffer for 1 hour at room temperature. Cells were washed 3 

times with PBS for 5 minutes and counterstained with 300 nM 4′,6-diamidino-2-

phenylindole, dilactate (DAPI) (Life Technologies) for 4 minutes, then washed 3 times with 

PBS for 5 minutes each. Coverslips were mounted using Prolong Gold Antifade Reagent 

(Life Technologies) and cells were viewed using a Nikon Eclipse TE 2000-U inverted 

fluorescence microscope. Digital images were collected using a CoolSNAP EZ camera 

(Roper Scientific, Trenton, NJ) and analyzed with the Version 2.3 NIS-elements image 

analysis system.

2.5 Immunofluorescence of primary pituitary cells

Eight-week old, male C57BL/6 mice (Harlan Laboratories) and heterozygous Foxo1tag/WT 

mice were used to obtain primary pituitary cells for immunofluorescence imaging. Foxo1tag 

mice have a FOXO1 allele that encodes a c-terminal in-frame fusion protein tag comprised 

of green fluorescent protein (GFP), Flag and a biotin labeling peptide, enabling the use of 

GFP as a reporter of FOXO1 protein expression by microscopy. Foxo1tag mice were 

generously provided by Dr. Ming O. Li (57). Cells were isolated from animals as described 

in section 2.2 and plated in 10% FBS containing media at a density of 2.75×105 cells/2 cm2 

well with each well containing a poly-L-lysine coverslip (BD Biosciences). After 24 hours, 

cells were fixed and permeabilized as described in section 2.4, with the exception that 

formaldehyde concentration was reduced to 3%. Primary antibodies against pituitary 

hormones were purchased from the NIDDK National Hormone and Peptide Program 

(Torrance, CA). Cells were incubated with primary antibodies against GFP (Life 

Technologies, A11222; 1:1200) and either growth hormone (GH) (1:400) or LHB (1:6000) 

in blocking buffer for 48 hours at 4 °C. After 48 hours, cells were washed, incubated in 

secondary antibodies Alexa Fluor 594 anti-rabbit (Life Technologies, A-11076; 1:400) and 

DyLight 488 anti-guinea pig (AbCam, ab96959; 1:400), DAPI, mounted and imaged as 

described above. All animal procedures were conducted in accordance with the UCSD 

Institutional Animal Care and Use Committee requirements.

2.6 In vivo insulin challenge

Eight to ten-week old, male C57BL/6 mice (Harlan Laboratories) were housed in the UCSD 

vivarium for at least one week under standard conditions. The mice were fasted for 6 hours 

starting at 7:00 AM. After 6 hours, mice were given an intraperitoneal injection of either 

saline or regular insulin 1.5 U/kg of body weight (Humulin R U-100, MWI Veterinary 

Supply, Inc., Boise, ID) and euthanized 10 minutes later. Pituitary and liver were 

immediately harvested from each animal and frozen in liquid nitrogen. Tissues were stored 

at −80 C until they were processed for western analysis. All animal procedures were 

conducted in accordance with UCSD Institutional Animal Care and Use Committee 

requirements.
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3. Results

3.1 Insulin and IGF1 induce FOXO1 phosphorylation in a time and concentration 
dependent manner

To assess the ability of insulin to induce FOXO1 phosphorylation in gonadotropes, we 

performed concentration and time course experiments. Immortalized gonadotrope-derived 

LβT2 cells were placed in serum-free media overnight, then treated with media containing 

vehicle (time 0) or insulin (0.1–100 nM as indicated) for 10 minutes. Cells were lysed and 

phosphorylation of FOXO1 Ser256 assessed by western (Fig. 1A). An increase in 

phosphorylation was present at 1 nM, with the greatest amount of phosphorylation occurring 

with 10 and 100 nM of insulin. Additionally, using serum-free treated cells, a time course 

was conducted with 10 nM insulin for 0–120 minutes as indicated. FOXO1 Ser256 

phosphorylation was significantly increased at 10 minutes and was still present at 120 

minutes.

Analogous experiments were performed with IGF1 to determine whether this growth factor 

also had a stimulatory effect on FOXO1 phosphorylation in gonadotropes. Similarly to 

insulin treatment, IGF1 demonstrated maximal phosphorylation of FOXO1 Ser256 at 10 

ng/mL of IGF1 for 10 minutes (Fig. 1B). Using 10 ng/mL IGF1, the time course experiment 

also demonstrated that FOXO1 Ser256 phosphorylation was significantly induced at 10 

minutes and remained elevated at 120 minutes.

3.2 Inhibition of the PI3K/AKT pathway blocks insulin- and IGF-induced phosphorylation 
and cytoplasmic localization of FOXO1

To identify the signaling pathway mediating the insulin or IGF1 signal to FOXO1 in 

gonadotropes, we assessed two key kinases associated with the canonical insulin/IGF1 

signaling cascade, PI3K and AKT. AKT has two phosphorylation sites, Thr308 and Ser473, 

that when phosphorylated, are indicative of full kinase activity (58). We pre-treated serum-

starved LβT2 cells for 1 hour with DMSO vehicle (V), the PI3K inhibitor LY294002, or the 

AKT Inhibitor VIII (AKTi). After 1 hour, the cells were treated with vehicle, insulin (10 

nM) or IGF1 (10 ng/mL) for 10 minutes. By western, both insulin and IGF1 strongly 

induced phosphorylation of AKT at Thr308 and Ser473 while FOXO1 was phosphorylated 

at Thr24, Ser256 and Ser319 (Fig. 2). Phosphorylation of both AKT and FOXO1 was 

inhibited by LY294002 and AKTi, indicating that insulin- and IGF1-stimulated 

phosphorylation of FOXO1 is PI3K and AKT dependent (Fig. 2).

FOXO1 phosphorylation by AKT induces a conformational change in FOXO1, which 

exposes a nuclear export signal and results in FOXO1 export to the cytoplasm (59). To 

determine if insulin or IGF mediated nuclear export of FOXO1 in LβT2 cells, we performed 

immunofluorescence imaging. We pretreated serum-starved LβT2 cells for 1 hour with 

DMSO vehicle, 50 μM LY294002 or 3 μM AKTi and then treated the cells with vehicle, 

insulin (10 nM) or IGF1 (10 ng/mL) for 30 minutes (Fig. 3). Cells were fixed and stained for 

FOXO1. We determined that both insulin and IGF1 caused a significant increase in 

cytoplasmic FOXO1 staining compared to the serum-free condition where FOXO1 was 

present in both the nuclear and cytoplasmic compartments. Pretreatment with LY294002 or 
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AKTi increased the nuclear localization of FOXO1 under serum-free conditions and blocked 

the nuclear export of FOXO1 in the presence of insulin or IGF1 (Fig. 3).

3.3 Insulin and IGF1 induce phosphorylation of AKT and FOXO1 in primary pituitary cells

To determine if insulin and IGF1 regulate FOXO1 in primary pituitary cells in a similar 

manner to immortalized gonadotropes, we used primary pituitary cultures from adult male 

mice. We have previously demonstrated that FOXO1 expression in adult murine paraffin-

embedded pituitary is limited to gonadotropes and thyrotropes (30, 33), which comprise 

~10% and 5% of the anterior pituitary hormone-producing cell population, respectively (60, 

61). For this study, we determined whether FOXO1 was also present in gonadotropes in 

dispersed primary pituitary cells in culture using mice heterozygous for GFP tagged FOXO1 

(FOXO1tag/WT) (57). We also evaluated somatotropes for FOXO1 expression as a previous 

report had found FOXO1 predominately in GH expressing cells (62). Under culture 

conditions, FOXO1-GFP expression co-localized with gonadotropes and a subset of 

somatotropes (Fig. 4A). To determine if insulin or IGF1 could induce FOXO1 

phosphorylation in primary cells, dispersed pituitary cells from C57BL/6 mice were cultured 

for 24 hours in serum-containing media and then changed to serum-free media overnight. 

Cells were treated with vehicle, insulin (10 nM) or IGF1 (10 ng/mL) for 30 minutes and then 

lysed. By western, both hormones induced phosphorylation of AKT on Thr308 and Ser473 

and FOXO1 on Thr24, Ser256 and Ser319, which is consistent with our results obtained in 

LβT2 cells (Fig. 4B).

3.4 In vivo insulin challenge increases pituitary FOXO1 and AKT phosphorylation

Because insulin induced phosphorylation of FOXO1 in primary dispersed pituitary cells, we 

next asked if insulin administered in vivo could also result in FOXO1 phosphorylation. For 

this experiment, male mice were fasted for 6 hours and then treated with saline or insulin by 

intraperitoneal injection. Ten minutes later, the mice were killed and tissues were collected. 

As shown in Figure 5, insulin treatment resulted in phosphorylation of both AKT Thr308 

and FOXO1 Ser256 in the pituitary, confirming our results in the primary pituitary cell 

culture studies. Phosphorylation of FOXO1 Ser256 and AKT Thr308 in the liver were used 

as positive controls (63).

3.5 GnRH treatment has no effect on FOXO1 phosphorylation or cellular localization

Since FOXO1 has been reported to inhibit gonadotropin synthesis (30–32), and GnRH is the 

primary regulator of gonadotropin production, we asked if GnRH had any effect on FOXO1 

phosphorylation or total protein levels that would inhibit its nuclear activity. LβT2 cells 

were incubated in serum-free media overnight, then treated with GnRH 10 nM for 0–60 

minutes, and then lysed. Phosphorylation of FOXO1 Thr24, Ser256 and Ser319 was 

assessed by western (Fig. 6A). Stimulation of LβT2 cells with GnRH alone did not 

significantly alter FOXO1 phosphorylation from the basal state or change total FOXO1 

protein levels. ERK phosphorylation at Tyr204, which increased in response to GnRH, was 

used as a positive control for GnRH stimulation. Furthermore, in contrast to insulin and IGF, 

treatment of LβT2 cells with GnRH for 30 minutes did not result in a discernable shift in 

FOXO1 localization from the nucleus to the cytoplasm (Fig. 6B).
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3.6 GnRH blunts insulin and IGF1 activation of AKT

GnRH has been reported to decrease IGF1-induced phosphorylation of AKT Ser473 in 

αT3-1 cells (38). Another report noted that GnRH attenuated the phosphorylation of AKT 

Ser473 induced by insulin in LβT2 cells (64). In vivo, gonadotropes are exposed to pulsatile 

GnRH along with circulating insulin and IGF1. Since our results showed that 

phosphorylation of FOXO1 at Thr24, Ser256 and Ser319 in response to insulin or IGF1 was 

AKT dependent, we assessed the effects of GnRH and insulin or IGF1 in a co-treatment 

paradigm on AKT and FOXO1 phosphorylation. LβT2 cells were treated with vehicle, 

insulin (10 nM), GnRH (10 nM), or insulin with GnRH for 30 minutes and then lysed (Fig. 

7A). The same paradigm was used to investigate IGF1 and GnRH co-treatment (Fig. 7B). 

By western, FOXO1 phosphorylation at all three AKT dependent sites was induced by 

insulin and IGF1. In agreement with our previous results, GnRH alone did not alter FOXO1 

phosphorylation nor did co-treatment of insulin with GnRH or IGF1 with GnRH. 

Interestingly, co-treatment of GnRH with insulin or IGF1 substantially decreased AKT 

phosphorylation at Ser473, which is consistent with previous reports, and also at Thr308 

(38, 64). As shown in Figure 7C, co-treatment of insulin or IGF1 with GnRH significantly 

decreased AKT Thr308 phosphorylation to 22% and 35% respectively of phosphorylation 

levels with insulin or IGF alone. Since GnRH did not diminish FOXO1 phosphorylation 

induced by insulin or IGF1, we determined whether GnRH alters the effect of insulin on 

FOXO1 cellular localization. Using immunofluorescence, we demonstrated that GnRH had 

no effect on insulin-induced shuttling of FOXO1 from the nucleus to the cytoplasm after 30 

minutes of insulin and GnRH co-treatment (Fig. 7D).

4. Discussion

FOXO1 is an established downstream target of insulin and IGF1 signaling in several tissue 

types (4, 15), but it was unknown if FOXO1 was regulated by these growth factors in 

pituitary gonadotrope cells. In the current study, we demonstrated that FOXO1 

phosphorylation and cellular localization was regulated by insulin and IGF1 through the 

canonical PI3K/AKT signaling cascade in gonadotropes. We found that insulin or IGF1 

rapidly stimulated FOXO1 phosphorylation in a time- and concentration-dependent manner, 

without altering total FOXO1 levels (Fig. 1). Moreover, insulin or IGF1 stimulation of LβT2 

cells resulted in a significant shift of FOXO1 from the nucleus to the cytoplasm within 30 

minutes of hormone treatment (Fig. 3). Pharmacologic inhibition of PI3K or AKT, with 

LY294002 or AKTi respectively, blocked phosphorylation of FOXO1 at the AKT dependent 

sites of Thr24, Ser256 and Ser319, identifying PI3K and AKT as two of the major kinases 

transducing the insulin and IGF1 signals to FOXO1 in gonadotropes (Fig. 2). Furthermore, 

inhibition of PI3K or AKT activity prevented insulin and IGF1 from shifting FOXO1 from 

the nucleus to the cytoplasm (Fig. 3). There are three AKT isoforms (AKT1, AKT2 and 

AKT3), which have isoform-specific signaling (65). It is unknown which isoforms are 

present in gonadotropes. AKTi selectively inhibits isoforms AKT1 and AKT2 (66, 67), 

suggesting that AKT3, if present in gonadotropes, is not necessary for insulin or IGF1 

signaling to FOXO1. Altogether, these data reveal that the PI3K/AKT1/2 signaling pathway 

is responsible for transduction of the growth factor signal to FOXO1 and its subsequent 
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redistribution from the nucleus to the cytoplasm in gonadotropes, resulting in inhibition of 

FOXO1 transcriptional activity.

In order to evaluate the potential for insulin and IGF1 to regulate FOXO1 phosphorylation 

in vivo, we first used dispersed primary pituitary cells cultured with the same conditions 

established for LβT2 cells (Figs. 1–3). Since culturing could potentially alter FOXO1 

expression in the primary pituitary cells, we assessed FOXO1 expression under these 

conditions using a GFP antibody to detect FOXO1-GFP expressed in the Foxo1tag/WT 

mouse. Importantly, we found that FOXO1 was expressed in gonadotrope cells, similar to 

what we previously observed in paraffin-embedded adult pituitaries using a FOXO1 

antibody (Santa Cruz Biotechnology, sc-11350) (30, 33). In contrast to our studies, a 

previous report by Majumdar et al. using a different FOXO1 antibody (Cell Signaling 

Technology, 2880) demonstrated that less than 10% of gonadotropes expressed FOXO1 and 

that FOXO1 was predominately expressed in somatotropes (62). Interestingly, under culture 

conditions, we observed FOXO1-GFP expression in a small subset of cells producing low 

levels of GH, whereas cells producing high levels of GH did not appear to express FOXO1. 

Although more work needs to be done, it is interesting to speculate that these cells may 

reflect a population of cells that express GH as well as gonadotropins, as has been described 

in rat pituitary cells (68–70). Altogether, our results provide strong support for the idea that 

FOXO1 is expressed in a majority of gonadotrope cells and thus, it is likely that our results 

in primary pituitary culture and in vivo (Figs. 4 and 5) reflect insulin regulation of FOXO1 

in gonadotropes in addition to other pituitary cell types that still remain to be fully defined.

It was previously demonstrated that in vivo administration of insulin to mice by 

intraperitoneal injection induced a two-fold increase in AKT Ser473 phosphorylation in the 

pituitary of wild-type mice within 10 minutes, but mice in which the insulin receptor was 

knocked out in the pituitary had no increase in AKT phosphorylation in response to insulin 

(63). In support of these studies, we found that in cultured murine primary pituitary cells, 30 

minutes of insulin or IGF treatment induced AKT phosphorylation at Ser473 as well as 

Thr308, along with phosphorylation of FOXO1 (Fig. 4B). We also demonstrated that insulin 

could regulate pituitary AKT Thr308 and FOXO1 Ser256 phosphorylation within 10 

minutes in vivo (Fig. 5). These results suggest that ex vivo and in vivo, insulin activation of 

pituitary insulin receptors results in rapid inhibitory phosphorylation of FOXO1. Taken 

together, these studies demonstrate that the growth factors, insulin and IGF1, activate AKT 

through their respective receptor signaling within the pituitary and that FOXO1 is a potential 

downstream effector of growth factor signaling in gonadotropes and other pituitary cell 

types such as thyrotropes and a subset of somatotropes.

GnRH signaling is the primary positive regulator of gonadotropin production. Since FOXO1 

inhibits gonadotropin transcription, we investigated the potential for GnRH to alter FOXO1 

activity. Our investigation found that GnRH did not increase FOXO1 phosphorylation at the 

PI3K/AKT activated sites of Thr24, Ser256 or Ser319, nor did it increase AKT 

phosphorylation (Fig. 6A). GnRH also did not result in a detectable nuclear to cytoplasmic 

shift in FOXO1 localization (Fig. 6B). It should be noted that our findings differ from a 

recent report by Choi et al., which demonstrated that stimulation of LβT2 or dispersed rat 

pituitary cells with 100 nM GnRH for 30 minutes resulted in increased FOXO1 Ser256 
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phosphorylation (32). The authors hypothesized that GnRH signaled to FOXO1 via AKT, 

since their studies also showed that AKT Ser473 was phosphorylated in response to GnRH 

treatment, and phosphorylation of both FOXO1 and AKT was blocked by the PI3K inhibitor 

LY294002. Consistent with our current findings, a previous report in αT3-1 cells 

demonstrated that IGF1 stimulated AKT Ser473 phosphorylation, but 10 nM GnRH 

treatment for 30 seconds to 1 hour had no effect on AKT phosphorylation (38). Similarly, 

LβT2 cells treated with 10 nM GnRH for 15 minutes did not activate AKT, while insulin 

increased AKT Ser473 phosphorylation 14 fold (64). Furthermore, previous reports have 

shown that GnRH can decrease growth factor-induced AKT Ser473 phosphorylation, 

thereby reducing AKT activity (38, 64).

Since cross talk between the GnRH and growth factor signaling pathways might blunt 

insulin or IGF1 inhibition of FOXO1, we also investigated the effects of GnRH treatment on 

insulin or IGF1 activation of PI3K/AKT/FOXO1 signaling. When LβT2 cells were co-

treated with insulin or IGF1 along with GnRH for 30 minutes, there was significant 

attenuation of AKT Ser473 phosphorylation, as previously reported (64), and Thr308 

phosphorylation compared to insulin or IGF1 treatment alone (Fig. 7). In contrast, there was 

no significant decrease in FOXO1 phosphorylation at AKT-specific residues during the 

same time period. It is likely that GnRH inhibition of AKT phosphorylation is rapidly 

initiated, as studies by Rose and colleagues in αT3-1 cells demonstrated that AKT Ser473 

was attenuated within 30 seconds of GnRH and IGF1 co-treatment and a 3-fold decrease in 

phosphorylation was observed after 5 minutes of co-treatment compared to IGF1 alone. 

Although it was significantly diminished, GnRH did not eliminate IGF1-induced AKT 

Ser473 phosphorylation (38). We speculate from our current studies that, while blunted by 

GnRH signaling, AKT activity is still sufficient for inhibition of FOXO1. This idea is 

supported by the fact that insulin can still shift FOXO1 cellular localization from the nucleus 

to the cytoplasm in the presence of GnRH (Fig. 7D), despite decreased AKT 

phosphorylation (Fig. 7A).

We also explored other possible effects GnRH signaling may have on FOXO1. For instance, 

FOXO1 is subject to several types of post-translational modification in addition to 

phosphorylation, such as acetylation, methylation and ubiquitination (71, 72). These 

modifications are initiated by a variety of stimuli and result in changes in FOXO1 

subcellular localization, protein-protein interactions, transcriptional activity, and protein 

stability (71, 72). For example, GnRH is proposed to activate CREB binding protein (CBP), 

a histone acetyltranferase, via PKC signaling (73). FOXO1 can be acetylated by CBP at 

several lysine residues, causing a decrease in FOXO1 DNA binding which permits AKT 

access to phosphorylate FOXO1 at Ser256 (71, 74). We investigated whether GnRH induced 

FOXO1 acetylation, which would permit an increase in FOXO1 phosphorylation in the 

presence of insulin of IGF1 despite blunted AKT activity. Using a 10 nM GnRH time course 

from 0–6 hours and a FOXO1 acetylation antibody (Santa Cruz sc-49437) (75–79) we found 

that GnRH had no effect on FOXO1 acetylation in LβT2 cells (data not shown).

In summary, previous studies have established FOXO1 as a potential regulator of Lhb and 

Fshb synthesis in pituitary gonadotrope cells (30–32). Here, we have identified two 

extracellular signals that may modulate FOXO1 suppression of Lhb and Fshb transcription. 
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Extracellular signals such as insulin and IGF1 activate cellular survival and metabolic gene 

programs to maintain homeostasis in nearly all cells (40, 80, 81). We propose that FOXO1 

may negatively regulate gonadotropin gene expression when permissive signals such as 

insulin or IGF1 are reduced due to alterations in metabolic status. As illustrated in Fig. 8, 

growth factor signaling via PI3K/AKT results in FOXO1 phosphorylation and export to the 

cytoplasm. FOXO1 sequestration in the cytoplasm prevents FOXO1 suppression of Lhb and 

Fshb transcription. At this time, it is still unclear what extracellular signals or cellular 

conditions drive FOXO1 into the nucleus to inhibit gonadotropin promoter activity. For 

example, does FOXO1 function as a stress-response transcription factor in gonadotropes, as 

in other cell types (15)? Does FOXO1 respond to cellular conditions such as oxidative 

stress, DNA damage or endoplasmic reticulum stress to decrease Lhb and Fshb synthesis? 

Further studies are needed to clarify the role of FOXO1 in gonadotrope physiology. 

Establishing gonadotrope-specific genetic models lacking FOXO1 or overexpressing a 

constitutively active FOXO1 will help determine whether FOXO1 is necessary for fertility 

and how FOXO1 functions in the pituitary to negatively regulate gonadotropin production.

Acknowledgments

The authors would like to thank Monica Rivera and Alissa Rivera for technical assistance, along with Dr. Kellie 
Breen-Church and Dr. Nina Grankvist for critical reading of this manuscript. The authors would also like to 
acknowledge NIDDK’s National Hormone and Peptide Program and Dr. A. F. Parlow for primary antibodies. This 
work was funded by NICHD/NIH through a cooperative agreement (U54 HD012303) as part of the Specialized 
Cooperative Centers Program in Reproduction and Infertility Research and R01 HD067448 to V.G.T., as well as 
T32 HD007203, F32 HD074414 and K12 GM068524 to D.V.S., and by NIGHMS through the Endocrine Society 
Minority Access Program (T36 GM095349) for M.R.

Abbreviations

DAPI 4′,6-diamidino-2-phenylindole, dilactate

ATF2 activating transcription factor 2

AKTi AKT inhibitor VIII

CGA chorionic gonadotropin alpha subunit

JNK cJun N-terminal kinase

CBP CREB binding protein

DMSO dimethyl sulfoxide

DMEM Dulbecco’s modification of Eagle’s medium

EGR1 early growth response protein 1

ERK extracellular-signal regulated kinase

FBS fetal bovine serum

FSHB follicle stimulating hormone beta

FOXO1 forkhead box O1

GnRH gonadotropin releasing hormone
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GnRHR GNRH receptor

HRP horseradish peroxidase-linked

IGF1 insulin-like growth factor 1

LHB luteinizing hormone beta

MAPK mitogen activated protein kinase

PITX1 paired-like homeodomain transcription factor 1

PBS phosphate buffered saline

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase

PKC protein kinase C
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Highlights

• FOXO1 inhibits Lhb and Fshb transcription in pituitary gonadotropes

• How FOXO1 is regulated in gonadotropes is unknown

• Insulin and IGF1 regulate FOXO1 via the PI3K/AKT signaling pathway

• Insulin and IGF1 are negative regulators of gonadotrope FOXO1 nuclear 

activity
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Figure 1. Insulin and IGF1 induce phosphorylation of FOXO1 Ser256 in immortalized 
gonadotropes
A. Left: westerns of LβT2 cells that were placed in serum-free media overnight, then treated 

with increasing concentrations of insulin for 10 min or with 10 nM insulin for up to 2 hrs. 

Right: FOXO1 pSer256 densitometry values were normalized to total FOXO1, then graphed 

as fold untreated. B. Left: westerns of LβT2 cells that were placed in serum-free media 

overnight, then treated with increasing concentrations of IGF1 for 10 min or with 10 ng/mL 

IGF1 for up to 2 hrs. Right: FOXO1 pSer256 densitometry values were normalized to total 

FOXO1 and expressed as fold untreated. Graphed data represent mean and error bars as 

SEM, n=3. For statistical analysis, pSer256/total FOXO1 data were analyzed by randomized 

block one-way analysis of variance (ANOVA) (82) and post-hoc Dunnett’s test using the 

statistical package JMP 11.0 (SAS, Cary, NC). Significant differences from control were 

designated as p<0.05 and represented with an asterisk.
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Figure 2. Insulin- and IGF1-induced phosphorylation of FOXO1 at Thr24, Ser256 and Ser319 is 
dependent on PI3K/AKT signaling in LβT2 cells
Cells were placed in serum-free media overnight. The next day, cells were pretreated with 

DMSO (Vehicle, V), LY294002 50 μM (LY) or AKTVIII 3 μM (AKTi) for 1 hr and then 

treated with insulin (10 nM) or IGF1 (10 ng/mL) for 10 min. FOXO1 and AKT 

phosphorylation changes were assessed by western. Arrow indicates FOXO1 pT24 band; 

upper band is FOXO3 pT24. Images are representative of 3 independent experiments.
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Figure 3. Insulin- and IGF1-stimulated cytoplasmic localization of FOXO1 is dependent on 
PI3K/AKT signaling
LβT2 cells grown on poly-L-lysine coverslips were placed in serum-free media overnight. 

The next day, cells were pretreated with DMSO (Vehicle), LY294002 50 μM or AKTVIII 3 

μM (AKTi) for 1 hr, then treated with insulin (10 nM) or IGFI (10 ng/mL) for 30 min. Cells 

were fixed and stained with primary FOXO1 antibody and secondary Alexa Fluor 488 

(green) for immunofluorescence microscopy. Images are representative of 3 independent 

experiments. Scale bar=10 μm.
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Figure 4. In cultured murine primary pituitary cells, FOXO1 and AKT are phosphorylated in 
response to insulin and IGF1
A. Cultured primary pituitary cells from FOXO1tag/WT and WT mice were grown on poly-L-

lysine coverslips, fixed and stained with primary GFP antibody along with primary LHB or 

GH antibody. FOXO1-GFP was detected using secondary Alex Fluor 594 (red), hormones 

with secondary DyLight 488 (green) and the nuclear compartment with DAPI (blue). Scale 

bar=10 μm. Images are representative of 3 independent experiments. B. Cultured primary 

pituitary cells from WT mice were placed in serum-free media for 16 hrs, then treated with 

insulin (10 nM) or IGF1 (10 ng/mL) for 30 min prior to lysis. Phosphorylation changes in 
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FOXO1 and AKT were assessed by western. Images are representative of 2 independent 

experiments.
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Figure 5. Insulin increases pituitary FOXO1 phosphorylation in vivo
Male mice were fasted for 6 hours, then given either saline or regular insulin (1.5 U/kg) by 

intraperitoneal injection. After 10 minutes, the mice were sacrificed and their pituitaries and 

livers harvested and immediately placed in liquid nitrogen. A. Changes in phosphorylation 

were assessed by western and representative blots are shown for 4 animals, two saline 

(vehicle) and two insulin. Insulin-induced phosphorylation of FOXO1 Ser256 and AKT 

Thr308 in the liver were used as positive controls. B. Pituitary FOXO1 pS256 densitometry 

values were normalized to total FOXO1. Data are presented as the mean and error bars are 

SEM, n=6 (Vehicle), n=8 (Insulin). The asterisk indicates that insulin significantly increased 
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pituitary FOXO1 Ser256 phosphorylation compared to saline vehicle using Student’s t test, 

p<0.05.
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Figure 6. GnRH does not regulate FOXO1 phosphorylation
A. LβT2 cells were placed in serum-free media overnight and treated the next day with 10 

nM GnRH for up to 2 hrs. Changes in FOXO1 and AKT phosphorylation were assessed by 

western. Images are representative of 3 independent experiments. B. LβT2 cells were placed 

in serum-free media overnight. The following day, cells were treated with DMSO (Veh) or 

LY294002 (LY) 50 μM for 1 hr and then GnRH 10 nM was added for 30 min. Cells were 

fixed and stained with primary FOXO1 antibody and secondary Alexa Fluor 488 (green) for 

immunofluorescence microscopy. Images are representative of 5 independent experiments. 

Scale bar=10 μm
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Figure 7. GnRH and insulin co-treatment diminishes AKT phosphorylation, but FOXO1 is not 
affected
A and B. LβT2 cells were placed in serum-free media overnight. The following day, cells 

were treated with (A) insulin 10 nM or (B) IGF1 10 ng/mL and GnRH 10 nM co-treatment 

for 30 min and lysed for western analyses. C. AKT p308 densitometry values were 

normalized to total AKT and graphed as the mean and error bars as SEM, n=3. Significant 

interaction was designated by an asterisk as defined by two-way ANOVA from insulin or 

IGF1 alone, p<0.05. D. Immunofluorescence of LβT2 cells under the same treatment 

conditions as for westerns in A and B above, then fixed and stained with primary FOXO1 

antibody and secondary Alexa Fluor 488 (green). Scale bar=10 μm. All images are 

representative of 3 independent experiments.
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Figure 8. Model of growth factor signaling to FOXO1 in pituitary gonadotrope cells
Insulin and IGF1 signal through their cognate receptors to PI3K and AKT, which directly 

phosphorylates FOXO1. AKT phosphorylation of FOXO1 causes its relocation to the 

cytoplasm. GnRH receptor activation can also attenuate insulin- or IGF1-induced AKT 

activity, possibly at the level of AKT, but FOXO1 inhibition by insulin or IGF1 still results 

in FOXO1 relocation to the cytoplasm. GnRHR, GnRH receptor; IR, insulin receptor; 

IGF1R, IGF1 receptor.
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