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Abstract
Suboptimal cellular conditions result in the accumulation of unfolded proteins in the endoplasmic reticulum (ER) and trigger ER
stress. In this study, we investigated the effects of follicle stimulating hormone (FSH) on ER stress in granulosa cells (GCs)
obtained from 3-week-old female C57BL6 mice 24 or 48 hours after intraperitoneal injection of 5 IU pregnant mare’s serum
gonadotropin (PMSG), and in primary mouse GCs in culture treated with FSH (10-100 mIU/mL) for 24 or 48 hours. Moreover,
mouse GCs in culture were treated with tunicamycin (Tm) or thapsigargin (Tp), which induce ER stress by inhibiting
N-glycosylation of ER proteins and ER calcium adenosine triphosphatase, respectively, and their response to FSH was evaluated.
We found that FSH attenuated ER stress in mouse GCs in vivo and in vitro; messenger RNA levels of ER stress-associated genes
Xbp1s, Atf6, Chop, and Casp12 were decreased upon exposure to FSH/PMSG. Activating transcription factor 4 protein levels also
demonstrated consistent decrease following FSH stimulation. Both Tm and Tp treatments inhibited FSH response, ER stress-
induced cells did not show any change in estradiol levels in response to FSH, whereas in untreated GCs, estradiol production
increased 3-fold after incubation with FSH for 60 hours. Furthermore, ER stress-induced cells failed to demonstrate aromatase
(Cyp19a1) expression upon exposure to FSH. Importantly, under high-ER stress conditions FSH stimulation was unable to
downregulate the expression of ER stress-associated genes. Our findings suggest that FSH decreases ER stress in GCs under
physiologic conditions. However, under conditions that cause a significant increase in ER stress, FSH response is attenuated.
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Introduction

Protein synthesis is an essential process required for cell

growth and survival. Proteins are synthesized in ribosomes that

are either freely dispersed in the cytoplasm or attached to the

endoplasmic reticulum (ER), forming the rough ER (RER).

Secretory and transmembrane proteins are synthesized on the

RER and enter the RER lumen to undergo folding and posttran-

slational modifications prior to being transported to the Golgi

complex.1-3 Perturbations in these processes triggered by

impairment of various cellular functions, such as redox regula-

tion, ion homeostasis, protein degradation, autophagy, or by

insults such as viral infections and nutrient deprivation may

lead to the accumulation of unfolded proteins in the RER and

trigger a cellular stress known as ER stress.4,5

Cells cope with ER stress via activation of the unfolded pro-

tein response (UPR), which aims to reestablish homeostasis.6-9

Several proteins that reside on the ER membrane participate

in UPR, including protein kinase RNA-like ER kinase (PERK),

inositol requiring enzyme-1 (IRE1a), and activating tran-

scription factor 6 (ATF6). These proteins serve as sensors and

trigger UPR in response to ER stress.2,10 During ER stress,

PERK undergoes autophosphorylation and phosphorylates sev-

eral target proteins including elongation initiation factor 2a
(eIF2a). Phosphorylation of eIF2a leads to the attenuation of

global protein synthesis,11,12 decreasing the workload of the

ER to allow recovery. Interestingly, an important protein in

UPR, activating transcription factor 4 (ATF4), is not affected

by this global inhibition of translation.13 Another mediator of

UPR, IRE1a, oligomerizes and autophosohorylates upon

induction of ER stress.14,15 Following autophosphorylation,

IRE1a unconventionally splices X-box binding protein-1
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(XBP1) messenger RNA (mRNA) by removing a 26 base pair

long intron; spliced XBP1 (XBP1s) encodes an active transcrip-

tion factor.16,17 Another transcription factor, ATF6, translocates

to the Golgi complex during ER stress and is cleaved into

ATF6F, its active form, via serine site 1 and 2 proteases.18-20

Unfolded protein response-associated transcription factors

(XBP1s, ATF4, and ATF6) translocate to the nucleus and

mediate UPR via increasing their own expression and the

expression of the downstream genes that promote protein

folding, protein transport from ER to proteasomes for

ER-associated degradation, and RNA degradation in a process

referred to as IRE1-dependent decay of mRNAs (RIDD). In

summary, UPR consists of a plethora of intracellular mechan-

isms including transcription and translation modulation, alter-

native splicing, (auto)phosphorylation, and protein and RNA

decay that all together aim at reducing ER workload and

improve protein folding.

Importantly, if the stress is chronic or severe, the transcrip-

tion factors that mediate UPR trigger the expression of

proapoptotic genes.21-24 CCAAT/enhancer-binding protein

homologous protein (CHOP) is a proapoptotic molecule and

harbors binding sites for all 3 major transcription factors of

UPR (XBP1s, ATF4, and ATF6) in its promoter.8 The expression

of CHOP is significantly upregulated during ER stress and

increases the expression of proapoptotic genes, while downre-

gulating antiapoptotic gene expression.25,26 Caspase-12, an ER

membrane cysteine protease activated during prolonged ER

stress, is thought to play a key role in mediating ER stress-

induced apoptosis in rodents.27 Following prolonged ER stress,

it is cleaved into active caspase-12 and activates downstream

caspases, such as caspase-3 and caspase-9.28-30

Endoplasmic reticulum stress and its associated genes are

implicated in glucose and lipid metabolism,31-34 pancreatic

b-cell function,35-38 insulin and leptin resistance,39-41 liver dis-

ease,42-44 atherosclerosis, and Alzheimer disease.10,45,46 Emer-

ging evidence also demonstrates that ER stress affects many

aspects of follicle development and oocyte and embryo viabi-

lity. Endoplasmic reticulum stress induction in mouse cumulus

oocyte complexes (COCs) with thapsigargin (Tp), a well-

studied agent that causes ER stress, increases Xbp1s, Atf4, and

Atf6 expression and results in reduced vitro fertilization and

poor embryo development.47 Mice fed high-fat diet demon-

strate increased anovulation and decreased fertilization rates

that can be explained by lipotoxicity-induced ER stress, which

subsequently impairs mitochondrial function and increases

apoptosis in cumulus and granulosa cells (GCs).48 Similarly,

exposure to lipid-rich follicular fluid leads to increased levels

of Atf4 and Atf6 mRNAs and impairs oocyte maturation in

mouse COCs.49 Apoptotic cell death is the central mechanism

underlying follicular atresia,50-54 and recent evidence demon-

strates that ER stress is one of the mechanisms that triggers

GC apoptosis. Pharmacological induction of ER stress in

mouse GC culture increases the expression of Chop and

Casp12 and leads to apoptosis.30 The levels of Atf4, Atf6, and

Chop mRNA are higher in goat GCs from atretic follicles.55

These observations strongly suggest that conditions associated

with high ER stress may promote cumulus/GC apoptosis and

impair oocyte and embryo viability.

Since follicle stimulating hormone (FSH) promotes follicle

viability, we hypothesized that FSH may reduce ER stress in

GCs, an effect that could at least in part explain FSH’s antia-

poptotic role. We investigated the effect of FSH on the expres-

sion of ER stress-associated genes and demonstrated that FSH

downregulates the expression of ER stress-related genes in

murine GCs. Importantly, we also found that excess ER stress

inhibits FSH response of mouse GCs. Our findings indicate an

intricate relationship between FSH responsiveness and cellular

stress, and have implications for human fertility under normal

and pathologic conditions.

Materials and Methods

Mouse Ovary and GC Collection

C57BL/6J mice were purchased from Jackson Laboratories

(Bar Harbor, Maine). Mice were bred and maintained accord-

ing to the Yale University animal research requirements. Food

and water were provided ad libitum and animals were housed

under a 12-hour light–dark cycle. The Institutional Animal

Care and Use Committee approval was obtained prior to the

initiation of the study (protocol number 2011–11207).

To assess the effect of FSH in vivo on the whole ovary,

3-week-old female mice were intraperitoneally (ip) injected

with 5 IU of pregnant mare’s serum gonadotropin (PMSG,

Sigma-Aldrich, St Louis, Missouri). Mice were euthanized

via CO2 inhalation 48 hours after injection, and ovaries were

dissected in phosphate-buffered saline (PBS), cleaned from

surrounding fat tissue, and stored at �80�C until RNA extrac-

tion. Respective controls of the same age did not receive

PMSG injections. Eight mice were studied per group (stimu-

lated and unstimulated) and both ovaries from each mouse

were used for RNA extraction.

To collect mouse GCs, freshly dissected ovaries from unsti-

mulated or PMSG-injected 3-week-old mice were incubated for

15 to 20 minutes in M-199 media containing 0.5 mol/L sucrose.

Antral follicles were then punctured with 26.5-gauge needle

under a dissecting microscope (Olympus SZH-ILLK, Japan) in

M-199 medium, and GCs were separated from ovarian tissue

using a 0.40-mm strainer and isolated by centrifugation at

1500g for 5 minutes. This method allows efficient collection

of GCs from ovaries of young mice without the need for ovarian

hyperstimulation.56,57 These cells were either used for RNA

extraction or in vitro GC culture/FSH stimulation experiments.

For GC experiments, GCs from both ovaries of 2 different

mice were pooled per sample. Four samples for each group

were used for each experiment, and each experiment was

repeated 4 times.

GC Culture, FSH Stimulations, and ER Stress Induction

For in vitro experiments, GCs from unstimulated 3-week-old

mice were resuspended in Dulbecco’s modified Eagle medium
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(DMEM)/F12 media (Gibco, Carlsbad, CA, USA) supplemen-

ted with 5% heat-inactivated fetal bovine serum (Invitrogen,

Carlsbad, CA, USA) and 1% antimycotic-antibiotic (Gibco,

Carlsbad, CA, USA). Cells were grown in 24-well plates at

37�C with 5% CO2 for 2 to 3 days, until they reached 50% to

70% confluency. Following 6 to 8 hours of serum starvation,

cells were incubated with ovine FSH (National Hormone and

Peptide Program, Harbor-UCLA, California) for 24 or 48 hours

at 10, 30, and 100 mIU/mL concentration to reflect the serum

levels achieved under physiological conditions and following

controlled ovarian hyperstimulation in women undergoing

infertility treatment.58

To induce ER stress, GCs in culture were treated with tuni-

camycin (Tm; 5 mg/mL; Sigma-Aldrich) or Tp (1.5 mg/mL;

Sigma-Aldrich) for 24, 48, or 60 hours, and compared with

controls treated with media only.

RNA Extraction, Reverse Transcription, Polymerase
Chain Reaction, and Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was isolated from ovaries and GCs using Trizol

(Invitrogen) according to the manufacturer’s instructions, dis-

solved in 50 mL of diethylpyrocarbonate–water, and kept at

�80�C until use (500 mL of Trizol per ovary or well were used).

Ovaries were homogenized in Trizol using a Kontes Pellet Pestle

Motor (Fisher Scientific, Pittsburgh, Pennsylvania). The quality

and concentration of the RNA were determined using a Nano-

Drop 2000 spectrophotometer (Thermo Scientific, Rockford,

Illinois). Two micrograms of total RNA were reverse tran-

scribed to complementary DNA using oligo-dT priming at

37�C for 1 hour (Omniscript; Qiagen, the Netherlands).

Quantitative real-time polymerase chain reaction (qPCR)

was used to detect the expression of Atf4, Atf6, Chop, Cas-

pase-12, and Xbp1s (for the list of primers see Table 1). Primers

used for Xbp1s detect only the spliced-active variant of Xbp1.

Quantitative reverse transcription-PCRs were carried out on a

CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad

Laboratories, Hercules, California). Complementary DNA was

assayed in triplicate. Each 15 mL reaction contained 7.5 mL of

SYBR Green supermix (Bio-Rad Laboratories), 0.4 mmol/L of

each primer, and 1 mmol/L of cDNA (1:5 diluted). Amplifica-

tions were carried out using 40 cycles of PCR, in which the ini-

tial 5 minutes for denaturation at 94�C was followed by a

touch-down program for 7 to 10 cycles of 92�C/20 s, 65 to

63�C/20 s (�1�C per cycle), and 72�C/30 s, and then 30 to

33 cycles of 92�C/20 s, 53 to 58�C/20 s, and 72�C/30 s. Expres-

sion of the target gene was normalized to b-actin levels. A stan-

dard curve for each set of primers was first used to determine

the linear dynamic range of each reaction and PCR efficiency.

A melting curve analysis was used to exclude nonspecific

amplifications. The 2-DDCT method was used to calculate rela-

tive gene expression.

End-point PCR was used to detect aromatase (Cyp19a1)

expression in a 25 mL reaction mix containing 3 mL cDNA,

1X PCR buffer (Ambion, Carlsbad, CA, USA), 0.25 mmol/

L of each deoxynucleotide triphosphate, 0.5 mmol/L of each

primer, and 1 U of SuperTaq Polymerase (Ambion, Carlsbad,

CA, USA). Polymerase chain reaction products were run on

a 3% agarose gel and visualized by ethidium bromide stain-

ing. b-Actin was used as an endogenous control.

Western Blot Analysis

Granulosa cells in culture were washed in PBS several times

and lysed in radioimmunoprecipitation assay buffer (sc-

364162; Santa Cruz, Dallas, Texas) containing 1 mmol/L

sodium orthovanadate and 1:100 protease inhibitor cocktail

in dimethyl sulfoxide. Lysates were cleared by centrifugation

at 12 000� g for 30 minutes at 4�C and supernatant was stored

at �80�C. Protein concentrations were determined using

bicinchoninic acid assay (Thermo Scientific) with a Nanodrop

2000 spectrophotometer (Thermo Scientific). Lysates were

mixed with Laemmli Sample Buffer (Bio-Rad Laboratories),

boiled at 95�C for 5 minutes, and fractionated by sodium dode-

cyl sulfate polyacrylamide gel electrophoresis (10% Tris-

hydrochloric acid Ready gels [Bio-Rad Laboratories]). Six

micrograms of total protein per lane was used. Proteins were

then transferred on to polyvinylidene fluoride membranes

(Bio-Rad Laboratories), and membranes were blocked with

2% (w/v) nonfat dry milk powder in Tris-buffered saline and

tween 20 mixture (TBS-T; American Bioanalytical, Natick,

Massachusetts) for 1 hour at room temperature. Membranes

were then incubated with rabbit polyclonal anti-ATF4 primary

antibodies (ARP37017 [1:2500 dilution in 2% (w/v) nonfat dry

milk powder in TBS-T]; Aviva, San Diego, California) over-

night at 4�C. Following washes with TBS-T, membranes were

incubated with horseradish peroxidase-conjugated anti-rabbit

secondary antibody (sc-2030; Santa Cruz) for 1 hour. Signals

were detected using Supersignal West Pico Chemiluminescent

substrate (Thermo Scientific). Glyceraldehyde-3-phosphate

Table 1. The List of Primers Used for Endpoint and Quantitative RT-
PCR.

Gene Primer Sequences (50 to 30; F; R)

Atf4 F: TATGGATGATGGCTTGGCCAG
R: TTCCAGGTCATCCATTCGAAAC

Atf6 F: TCGAGGCTGGGTTCATAGACATG
R: TACTGGACAGCCATCAGCTGAG

b-actin F: TGCGTGACATCAAAGAGAAG
R: CGGATGTCAACGTCACACTT

Casp12 F: CTGGCTCTCATCATCTGCAACAA
R: CGGCCAGCAAACTGCATTAAC

Chop F: AGCTGGAAGCCTGGTATGAGGA
R: AGCTAGGGACGCAGGGTCAA

Cyp19a1 F: TGTGTTGACCCTCATGAGACA
R: CTTGACGGATCGTTCATACTTTC

Xbp1s F: GGTCTGCTGAGTCCGCAGCAGG
R: GAAAGGGAGGCTGGTAAGGAAC

Abbreviation: F, forward; R, reverse; RT-PCR, reverse transcriptase
polymerase chain reaction.
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dehydrogenase was used for normalization (Cell Signaling

Technology, Beverly, Massachusetts). The experiments were

repeated at least 3 times. Films with different exposures were

scanned, and band intensities were measured using ImageJ

(National Institutes of Health [NIH], New York City, New

York).

Estradiol Measurements

Mouse GCs were harvested and cultured as above in 24-well

plates. Cells were serum starved for approximately 8 hours and

then incubated with FSH (100 mIU/mL) in the presence of

androstenedione (10�6 mol/L) and in the presence or absence

of Tm (5 mg/mL; Sigma-Aldrich) or Tp (1.5 mg/mL; Sigma-

Aldrich) for 60 hours. 17b-Estradiol levels in the media were

determined using enzyme-linked immunosorbent assay (Cay-

man Chemical Co, Ann Arbor, Michigan) according to the

manufacturer’s instructions. Measurements were performed

in undiluted and 1:3 dilutions (with DMEM/F12 medium) of

the cell culture supernatant.

Statistical Analysis

Unpaired t test or one-way analysis of variance with Tukey’s or

Dunnett’s post tests were performed using GraphPad Prism

software version 6.0 to compare 2 or more groups, respectively.

Statistical significance was defined as P < .05.

Results

Follicle Stimulating Hormone Modulates the Expression
of ER Stress-Associated Genes in Mouse Ovary and GCs

Expression of UPR genes Xbp1s, Atf4, and Atf6 in the whole

ovary of mice treated with PMSG was determined by qPCR.

We detected an approximately 2-fold decrease in the expres-

sion of Xbp1s in mouse ovaries after 48 hours of PMSG stimu-

lation, whereas the expression of Atf4 and Atf6 did not change

(Figure 1).

Granulosa cells express FSH receptor (FSHR) and are one of

the main targets of FSH action in the ovary. Therefore, we

examined the expression of UPR genes in FSH stimulated

mouse GCs. Ovaries were removed 24 or 48 hours after ip

injection of 5 IU PMSG and GCs were isolated. At 24 hours,

qPCR analysis showed significant decreases in the expression

of Xbp1s, Atf6, Chop, and Caspase-12, approximately 2.5-,

1.5-, 2.5-, and 7-8-fold, respectively. Conversely, Atf4 expres-

sion was increased by 2-fold. Similarly, 48 hours after PMSG

stimulation in vivo, Xbp1s, Atf6, Chop, and Caspase-12

demonstrated significant decreases in expression of about

2.5-, 1.5-, 2-, and 6 to 7-fold, respectively, whereas Atf4 levels

did not change (Figure 2).

It is noteworthy that ovarian surface epithelium harbors

stem cells, which express FSHR and respond to FSH.59-63

However, these cells were not independently assessed for ER

stress response.

Follicle Stimulating Hormone Modulates the Expression
of ER Stress-Associated Genes in Cultured Mouse GCs

To further explore the effects of FSH on ER stress-associated

gene expression in mouse GCs, we isolated and cultured mouse

GCs in vitro in the presence or absence of FSH. The Xbp1s,

Atf6, and Caspase-12 transcripts demonstrated significant

decrease, of about 2-fold each, after stimulation with 100

mIU/mL FSH for 24 or 48 hours. At lower concentrations, there

was a trend toward reduction, but it did not reach statistical

significance. The most robust results were obtained for Chop,

which showed significant decrease in expression of approxi-

mately 2-fold with 30 mIU/mL FSH stimulation for 24 hours

with 10, 30, and 100 mIU/mL FSH stimulation for 48 hours

(Figure 3A-D). Although Atf4 mRNA levels did not demon-

strate any change at any dose or time point, 100 mIU/mL FSH

stimulation significantly downregulated ATF4 protein levels

after 48 hours (Figure 3E and F).

Induction of ER Stress Inhibits the Effect of FSH on the
Expression of ER Stress Markers in Mouse GCs

After finding out that FSH can modulate the expression of ER

stress-associated genes, we aimed to explore whether FSH is

able to affect the expression of these genes under high ER

stress conditions. In cultured GCs, ER stress was induced

with Tm and the expression of ER stress-associated genes

was assessed in the presence or absence of 100 mIU/mL FSH.

As expected, Tm treatment successfully induced ER stress as

demonstrated by the significant increase in expression of

associated genes. However, addition of FSH did not have any

effect on their expression following 24 or 48 hours of incuba-

tion (Figure 4).

Endoplasmic Reticulum Stress Inhibits FSH Response in
Mouse GCs

Since FSH treatment failed to downregulate the expression of

ER stress-associated genes under high-ER stress conditions,

we hypothesized that high ER stress may interfere with the

response to FSH in mouse GCs. We therefore tested how ER

stress inducers Tm and Tp affect the ability of FSH to stimulate

aromatase (Cyp19a1) expression and estradiol production by

GCs in culture.

Follicle stimulating hormone treatment led to a 3-fold

increase in estradiol production in mouse GCs following 60

hours of incubation (Figure 5B), while ER stress induction with

Tm inhibited estradiol production in GCs treated with FSH

(Figure 5A and B). Similarly, while aromatase expression was

upregulated in GCs in response to FSH in the absence of Tm,

this increase was completely obliterated by Tm treatment (Fig-

ure 5C). To demonstrate that the decrease in estradiol produc-

tion and aromatase expression was caused by ER stress

induction and was not due to nonspecific effects of Tm, we

treated GCs with another ER stress inducer—Tp and evaluated

the response to FSH. Similar to that observed in Tm-treated
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Figure 1. Expression of endoplasmic reticulum (ER) stress-associated genes in mouse ovaries following pregnant mare’s serum gonadotropin
(PMSG) stimulation. Three weeks old female mice were stimulated with PMSG. Ovaries were collected 48 hours later, total RNA was extracted,
and quantitative reverse transcriptase polymerase chain reaction (RT-PCR) was performed for indicated genes. Data are the mean + standard
error of the mean (SEM). Asterisk indicates statistical significance (P < .05). Unpaired t test was used to determine statistical significance. Xbp1s
indicates X-box binding protein (spliced); Atf4, activating transcription factor 4; Atf6, activating transcription factor 6.

Figure 2. Expression of endoplasmic reticulum (ER) stress-associated genes in mouse granulosa cells following pregnant mare’s serum gona-
dotropin (PMSG) stimulation. Three weeks old female mice were stimulated with PMSG. Ovaries were collected 24 and 48 hours later and
granulosa cells were isolated. Total RNA was extracted from granulosa cells and quantitative reverse transcriptase polymerase chain reaction
(RT-PCR) was performed for indicated genes. Data are the mean + standard error of the mean (SEM). Column bars with asterisk are signif-
icantly different from control (P < .05). One-way analysis of variance (ANOVA) was used to determine statistical significance. Xbp1s indicates X-
box binding protein (spliced); Atf4, activating transcription factor 4; Atf6, activating transcription factor 6; Chop, C/EBP homologous protein;
Casp12, Caspase-12.
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cells, Tp-treated GCs failed to upregulate aromatase expression

and estradiol production in response to FSH (Figure 6A-C).

Based on our observations, we propose a model highlighting

the interaction between ER stress and FSH response in mouse

GCs (Figure 7).

Discussion

Protein synthesis, folding, modification, accurate cellular loca-

lization, and/or excretion are important metabolic processes,

and their impairment may result in cell death. Endoplasmic

reticulum stress is a perturbation in protein metabolism where

the amount of unfolded protein exceeds the folding capacity of

the ER. Cells utilize UPR to decrease ER stress and revert back

to a homeostatic state. However, in cases of chronic or high

levels of stress, UPR induces apoptosis.2,8,10,21 In recent years,

emerging evidence demonstrated that ER stress is involved in

the pathogenesis of many disorders, while our understating of

the role of ER stress in reproductive disorders remains limited.

In this study, we demonstrate that FSH attenuates ER stress in

mouse GCs in vivo and in vitro. Conversely, ER stress induc-

tion inhibits FSH response and obliterates FSH’s effects on

ER stress-associated gene expression in GCs.

In order to determine whether FSH affects ER stress in GCs,

we chose targets and experimental procedures, which would

reliably represent the ER stress status of the cell. The strength

of our study is that we utilized multiple approaches to evaluate

the role of FSH in modulating ER stress, both in vivo and in

vitro, and used 2 different ER stress inducers. We studied 5

genes, 3 of these encode key transcription factors that mediate

response to UPR, which is a consequence of ER stress, while 2

are important genes implicated in ER stress-associated apopto-

sis. These genes were all previously shown to be altered at the

transcript level in reproductive tissues and/or GCs upon ER

stress induction,30,47-49,55 so we tested them with qPCR. Atf4

is primarily regulated at the translational level during ER

Figure 3. Expression of endoplasmic reticulum (ER) stress-associated genes in mouse granulosa cells treated with follicle stimulating hormone
(FSH). A-E, Mouse granulosa cells in culture were treated with indicated doses of FSH for 24 or 48 hours. Total RNA was extracted and quan-
titative reverse transcriptase polymerase chain reaction (RT-PCR) was performed for ER stress associated genes. F, Mouse granulosa cells in
culture were treated with 100 mIU/mL FSH for 48 hours. Activating transcription factor 4 (ATF4) Western blot band intensity is normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are the mean + standard error of the mean (SEM). Gene names are as in Figure 2.
Column bars with asterisk are significantly different from control (P < .05). One-way analysis of variance (ANOVA) was used to determine sta-
tistical significance of quantitative polymerase chain reaction (qPCR) experiments. Unpaired t test was used to determine statistical significance
of the difference in ATF4 Western blot band intensity.
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stress,13 and therefore, we did Western blotting for this target to

complement our qPCR experiments. Four of these genes had

reduced expression following PMSG treatment in vivo, with

only Atf4 demonstrating increased transcript levels after 24

hours of stimulation. Moreover, the expression levels of all

these 5 genes were reduced after FSH treatment in vitro: Xbp1s,

Atf6, Casp12, and Chop at the transcript level and Atf4 at the

protein level. Since all genes chosen as surrogates of ER stress

status of the cell had altered expression, we concluded that FSH

modulates ER stress in GCs. However, it is noteworthy that

even if only some of these genes showed altered expression

in response to FSH treatment, it could still be possible to con-

clude that FSH modulates ER stress. This is because many cell

signaling pathways are complex networks with various key

molecular players, and a certain treatment may affect some ele-

ments of a signaling pathway, while others remain unaltered. In

other words, not all elements of a signaling pathway need to be

dysregulated for that pathway to be referred as altered. This

concept is an integral part of microarray pathway analysis algo-

rithms, and there are a myriad of studies in the literature where

a certain treatment (hormonal or other experimental interven-

tion) affects some, but not all parts of the signaling cascade.

As an example, in the liver, ER stress inhibitor tauroursodeoxy-

cholic acid (TUDCA) alters the expression of 2 of the 3 ER

stress pathways without affecting ATF6 expression.64 How-

ever, in the current study, all genes we have tested for had

altered expression.

Our findings demonstrate that FSH downregulates the

expression of ER stress-associated genes under basal condi-

tions in vivo and in vitro. In accordance with our results,

higher blastocyst formation rates in porcine embryos cultured

in the presence of ER stress inhibitor TUDCA were

reported.65 Moreover, TUDCA treatment resulted in a higher

number of cells in the inner cell mass and trophectoderm, and

decreased expression of proapoptotic genes, including

caspase-3. The same study also reported that ER stress inhi-

bition increases maturation rate of pig oocytes.65 Similarly,

mouse embryos cultured in the presence of an ER stress inhi-

bitor had higher cleavage and blastocyst formation rates, and

increased cell number.66 These studies demonstrate that the

attenuation of ‘‘baseline’’ ER stress is beneficial for embryonic

development. Therefore, FSH’s antiapoptotic and growth-

promoting role in follicles under normal physiological condi-

tions and during controlled ovarian hyperstimulation67,68

Figure 4. Expression of endoplasmic reticulum (ER) stress-associated genes in mouse granulosa cells treated with tunicamycin and follicle sti-
mulating hormone (FSH). Mouse granulosa cells in culture were treated with tunicamycin alone or with tunicamycin and FSH for 24 or 48 hours.
Total RNA was extracted and quantitative reverse transcriptase polymerase chain reaction (RT-PCR) was performed for ER stress associated
genes. Data are the mean + standard error of mean (SEM). Gene names are as in Figure 2 and 3. Tm: tunicamycin. Column bars with different
letters on top are significantly different from each other (P < .05). One-way analysis of variance (ANOVA) was used to determine statistical
significance.
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might at least be partially explained by its ability to downregu-

late ER stress-associated genes.

We found that high ER stress inhibits FSH response

in mouse GCs in culture. In a similar manner, it was previ-

ously demonstrated that ER stress affects receptor-mediated

signaling cascades such as insulin and leptin signaling.39-41

The ER stress induction leads to increased serine phosphor-

ylation of insulin receptor substrate 1, which results in

downregulation of insulin receptor signaling and contributes

to insulin resistance in hepatocytes and adipocytes, an effect

Figure 5. The effect of endoplasmic reticulum (ER) stress induction with tunicamycin on granulosa cell follicle stimulating hormone (FSH)
response. Mouse granulosa cells in culture were treated with tunicamycin and/or FSH for 60 hours. A, Total RNA was extracted and quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) was performed for ER stress associated genes. Data are the mean + standard error
of mean (SEM). B, Estradiol production was assessed by enzyme-linked immunosorbent assay (ELISA). Data are the mean + standard error of
the mean (SEM). C, Aromatase expression was assessed by PCR. Actin was used as a control. Gene names are as in Figures 2 and 3. Asterisks
indicate statistical significance (P < .05). Unpaired t test was used to determine statistical significance of quantitative polymerase chain reaction
(qPCR) and estradiol production experiments. Cyp19a1 indicates aromatase; E2, estradiol; N, negative control.
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mediated via IRE-1a activation of c-Jun N-terminal

kinase.40 In addition, inhibition of ER stress with chemical

chaperons increases insulin sensitivity.41 Endoplasmic reti-

culum stress induction also inhibits leptin signaling by inhi-

biting tyrosine phosphorylation of leptin receptor, Janus

kinase (JAK2), and signal transducer and activator of tran-

scription 3. Moreover, ER stress inhibitors act as leptin

sensitizers.39

In the ovary, the main outcome of FSH signaling is upregu-

lation of aromatase expression and estradiol production. We

Figure 6. The effect of endoplasmic reticulum (ER) stress induction with thapsigargin on granulosa cell follicle stimulating hormone (FSH)
response. Mouse granulosa cells in culture were treated with thapsigargin and/or FSH for 60 hours. A, Total RNA was extracted and quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) was performed for ER stress associated genes. Data are the mean + standard error
of the mean (SEM). B, Estradiol production was assessed by enzyme-linked immunosorbent assay (ELISA). Data are the mean + standard error
of the mean (SEM). C, Aromatase expression was assessed by PCR. Actin was used as a control. Gene names are as in Figures 2, 3, and 5. Aster-
isks indicate statistical significance (P < .05). Unpaired t test was used to determine statistical significance of quantitative polymerase chain reac-
tion (qPCR) and estradiol production experiments. Tp indicates thapsigargin.
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observed that estradiol production and aromatase expression in

response to FSH were inhibited in GCs treated with Tm or Tp.

Tunicamycin inhibits N-glycosylation of ER proteins and

induces ER stress by inhibiting posttranslational modifications

and folding.69 Thapsigargin induces ER stress by primarily inhi-

biting ER calcium (Ca2þ)-adenosine triphosphatase (ATPase)

and ER uptake of calcium, which affects the function of Ca2þ-

binding chaperones.70,71 In addition, Tp was also demonstrated

to inhibit the fusion of autophagosomes with lysosomes, induce

secretion of ER chaperones, and decrease protein levels of ER

chaperone GRP78/BIP.72-74 These 2 ER stress inducers, which

act through different mechanisms, resulted in suppression of

FSH response, suggesting that the observed effect is caused by

ER stress induction and is not due to nonspecific effects of these

molecules. The inability of FSH to ‘‘reverse’’ ER stress or induce

aromatase expression and estradiol production in Tm and/or Tp-

treated cells can be explained by the inhibitory effects of high

levels of stress on FSH signaling. Our findings suggest that there

might be a threshold level of ER stress, above which FSH does

not exert stress-reducing action.

Ovaries are the main source of estrogen in mammals.

Androgens synthesized in ovarian theca cells are transported

into GCs, where they are converted into estrogens by aroma-

tase.75 Follicle stimulating hormone binding to FSH receptor

(FSHR) upregulates the transcription of the CYP19A1 (aroma-

tase) gene,76,77 which is regulated by tissue-specific promo-

ters.78 In our experiments, reduced expression of aromatase

and subsequent decrease in estradiol production could be due

to the effects of ER stress on Cyp19a1 transcription.

Another possible mechanism responsible for suppression of

FSH action in ER stress-induced GCs could be the inhibition

of posttranscriptional modulation of protein expression.

For example, overexpression of glucose-regulated protein 78

(GRP78), a heat shock protein upregulated during ER stress,

in HEK-293 cells stably expressing FSHR, leads to decreased

FSHR protein.79 We observed an at least 20-fold increase in

Grp78 levels in ER stress-induced GCs (data not shown),

which could lead to decreased FSHR levels and decreased

FSH response.

Moreover, it is known that ER stress leads to the degradation

of mRNAs via IRE1a activation (RIDD).22,23 During this pro-

cess, the total amount of mRNA that is eventually translated into

protein in the RER is reduced in order to decrease ER protein

load. So et al have recently demonstrated that RIDD regulates

lipid metabolism in liver cells by decreasing the expression of

genes that regulate sterol biosynthesis.80 In a parallel study,

Hur et al demonstrated that RIDD leads to the degradation

of mRNAs of several members of the cytochrome P450

enzyme family in the liver.81 It is noteworthy that aromatase

is also a member of the cytochrome P450 superfamily,78 and

therefore, it is possible that aromatase mRNA is degraded via

RIDD upon ER stress induction in GCs, leading to decreased

aromatase expression and estradiol synthesis. However, the

inhibitory effects of ER stress on FSH signaling upstream of

aromatase expression and downstream of FSHR cannot be

excluded. Moreover, it is possible that ER stress can lead to

decreased FSH response by acting at multiple levels of the

FSH signaling cascade, as in the case of insulin and leptin

signaling.

In the ovary, the optimal response to FSH is regulated via a

well-orchestrated temporal interplay of negative and positive

feedback loops. During the follicular phase, FSH treatment of

rat ovaries upregulates FSHR expression and presumably

makes them more sensitive to FSH.82-84 In our study, FSH

decreases baseline ER stress. Perhaps, this decrease in baseline

ER stress in mouse GCs upon FSH treatment contributes to

increased sensitivity of these cells to FSH. Our model high-

lights the interactions between ER stress and FSH in mouse

GCs. Whether or not the same is true in human GCs and

whether these interactions could be exploited for therapeutic

benefits in reproductive disorders and/or in women undergoing

IVF remain to be elucidated.
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