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Abstract
Purpose  Fine and balanced regulation of cell proliferation and apoptosis are key to achieve ovarian follicle development 
from the primordial to the preovulatory stage and therefore assure female reproductive function. While gonadotropins are 
the major and most recognized regulators of follicle cell growth and function, other factors, both systemic and local, play 
equally important roles. This work is aimed at evaluating the effects of thyroid hormones (THs) on human granulosa lutein-
ized (hGL) viability.
Methods  Human GL cells derived from assisted reproduction treatments were exposed to T3 or T4. Cell viability was evalu-
ated by MTT assay. Apoptosis was evaluated by the TUNEL assay and active caspase-3 staining. StAR, CYP19A1, Caspase-3, 
P53 and BAX mRNA were evaluated by real-time PCR. LC3-I/-II, AKT and pAKT were evaluated by western blot.
Results  T3 and T4 promoted cell viability in a dose-dependent modality and modulate StAR and CYP19A1 expression. T3 
and to a lesser extent T4 mitigated cell death induced by serum starvation by inhibition of caspase-3 activity and expres-
sion of P53 and BAX; and attenuate cell death experimentally induced by C2-ceramide. Cell death derived from starvation 
appeared to be involved in autophagic processes, as the levels of autophagic markers (LC3-II/LC3-I ratio) decreased when 
starved cells were exposed to T3 and T4. This effect was associated with an increase in pAkt levels.
Conclusion  From the present study, THs emerge as potent anti-apoptotic agents in hGL cells. This effect is achieved by 
inhibiting the apoptosis signalling pathway of BAX and caspase-3, while maintaining active the PI3K/AKT pathway.
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Introduction

The production of a mature oocyte is a complex process 
assisted by mutual interaction between germ and somatic 
cells. During antrum formation, granulosa cells undergo 
rapid growth supported by FSH [1]. Both deprivation of sur-
vival factors and presence of death ligands are responsible 
for programmed granulosa cell death and subsequent growth 
arrest of the follicle [2]. Follicular atresia is a degenerative 
process mediated by cell apoptosis [3], affecting sequen-
tially granulosa cells [4] and theca cells [5]. Hence, follicular 
development results from a tight balance between apopto-
sis and survival. In the absence of proper survival factors, 
endogenous apoptosis prevails, causing atresia [2]. In addi-
tion to gonadotropins, many other factors affect follicular 
development and regulation [6]. 3,5,3′-Triiodothyronine (T3) 
and tetraiodo-l-thyronine (T4), detected in follicular fluid of 
human ovarian follicles are among these factors [7].
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Thyroid hormones regulate a variety of biological pro-
cesses, including growth, metabolism, development and 
differentiation [8]. The ovary is considered to be a selective 
target for thyroid hormone action [9–11].

Euthyroidism ensures normal fertility function in the 
female [12, 13]. Both hyperthyroidism and hypothyroid-
ism have adverse effects on female reproduction [14, 15]. 
In women, thyroid hormone disorders are associated with 
altered folliculogenesis and adverse pregnancy outcomes 
[12, 16]. However, the molecular processes underlying the 
influence of thyroid hormones (THs) on ovarian function 
remain poorly understood. THs can act indirectly on the 
ovary by dysregulating the hypothalamic–pituitary–ovarian 
axis, or impairing levels of sex hormone-binding proteins 
[17]. In addition to upstream effects of T3 on gonadotropins 
secretion, T3 targets directly ovarian function [9–11]. T3 and 
T4 are found in human follicular fluid [7]. THRs (thyroid 
hormone receptors) and the key enzymes deiodinases (DIO) 
[18], as well as thyroid hormone transporters [19], are found 
in the ovary of different species, including humans. Consist-
ent with this, treatment with TH alone promotes the prolif-
eration and survival of rat granulosa cells [20], counteracts 
chemotherapy-induced apoptosis [21] and acts synergisti-
cally with FSH [10]. In addition, T3 counteracts apoptosis 
in human granulosa cancer cells [22].

The aim of the present study was to detect the presence of 
TH machinery in human luteinized granulosa cell obtained 
from in vitro fertilization (IVF) patients and test the hypoth-
esis that T3 and T4 influence cell survival.

Materials and methods

Unless otherwise reported, chemicals were obtained from 
Sigma-Aldrich (St. Louis, MO, USA).

Cell cultures

Human granulosa luteal (GL) cells were obtained from fol-
licular aspirates of women undergoing IVF treatment at 
9.baby, Bologna, Italy. Informed consent was obtained from 
patients. Patients underwent an ovarian stimulation regime 
based on GnRH analog in combination with recombinant 
FSH, followed by 10,000 IU of hCG administered 36 h 
before oocyte recovery. After recovery of cumulus–oocyte 
complexes, GL cells present in follicle aspirates were col-
lected, washed twice with HEPES-buffered medium, layered 
over Ficoll-Paque (Amersham, Milan, Italy), and centrifuged 
at 400g for 15 min. The GL cell-enriched interface layer was 
collected and cultured as previously described [23]. In cell 
growth experiments, cells were cultured in medium with 
1% FBS. In apoptosis experiments, cells were seeded in cul-
ture medium and shifted to serum-free medium after 24 h. 

Adherent cells were treated with T3, or tetraiodo-l-thyro-
nine T4 (Sigma-Aldrich; St. Louis, MO) at different doses 
(0.1–100 nM). At 24 h intervals, fresh aliquots of hormones 
were added to culture media in all experiments.

Cell viability assay

Human GL cells were seeded in 96-multiwell plates and 
treated with T3 and T4. Cell viability was assessed by a 
Cell Proliferation Kit XTT (Applichem St. Louis, Missouri, 
USA) as previously described [20].

TUNEL assay

Human GL cells were plated at 60% confluence onto mul-
tichamber slides (BD Falcon, BioScientifica S.r.l., Rignano 
Flaminio (RM), Italy). After 48 h, cells were subjected to 
the TUNEL assay using the in situ cell death detection kit 
(Roche, Basel, CH) as previously described [20]. TUNEL 
positivity was visualized with a Zeiss fluorescence micro-
scope (Carl Zeiss SpA, Milano, Italy).

Active caspase‑3 immunofluorescence

Freshly isolated granulosa cells were plated at 60% con-
fluence onto multichamber slides (BD, Falcon) and shifted 
to serum-free medium after 24 h. THs were added to the 
culture medium every 24 h. Following the 48-h treatment 
period, cells were washed with PBS, fixed and permeabi-
lized in acetone: methanol 1:1.

Samples were stained with anti-cleaved caspase-3 (#9661, 
CST, Cell Signalling Technology, Danvers, MA. 1:400 in 
4% BSA) overnight. After repeated washes in PBS 1x, cells 
were incubated with a FITC-conjugated secondary anti-
body (Dako, Denmark A/S, Denmark). Slides were counter-
stained with Hoechst for nuclear identification. Slides were 
observed with a Zeiss fluorescence microscope (Carl Zeiss). 
Apoptotic cells were identified and counted in three or more 
randomly selected fields, each containing at least 100 cells.

RNA isolation, RT‑ and real‑time PCR analyses

Human GL cells were centrifuged at 250g for 5 min and 
resuspended in lysis buffer for RNA extraction. Total cel-
lular RNA was isolated from cells using Trizol RNA isola-
tion reagent according to the manufacturer’s instructions. 
RNA (1 μg) was subjected to reverse transcription (RT) 
using a cDNA synthesis kit (High-Capacity cDNA Reverse 
Transcription Kit, Thermo Fisher Scientific, Waltham, MA 
USA); cDNA was amplified by random hexamer prim-
ers. The presence of specific transcripts was evaluated by 
RT-PCR or real-time PCR. DNA contamination controls 
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were performed using gene-specific primers on RNA in the 
absence of reverse transcriptase treatment.

The PCRs were carried out using Hot Master Taq DNA 
polymerase (Eppendorf, Milano, Italy) according to manu-
facturer’s instructions. For each primer set (Table 1), the 
number of cycles for the PCR was chosen in the exponen-
tial phase of amplification, using the annealing temperature 
provided. PCR products were electrophoresed onto a 2% 
agarose gel containing ethidium bromide (0.5 mg/ml) and 
visualized under UV light. Beta-actin expression levels were 
analysed as a control for RNA quality.

SYBR green real-time PCR was performed on an Applied 
Biosystems7500 Real-Time PCR system as previously 
described [24]. Each sample was normalized to the HPRT 
content. Threshold cycle (Ct) values were used to calcu-
late the fold-changes in gene expression using the 2−ΔΔCt 
method. The primers used are shown in Table 2.

All primers were synthesized by MWG Oligo synthesis 
report (Eurofins MWG Operon, Ebersberg, Germany).

Western blot

Cells were lysed in RIPA buffer supplemented with a pro-
tease inhibitor cocktail. Protein content was measured by the 
Bradford colorimetric assay (Bio-Rad Laboratories, Rich-
mond, CA). Forty micrograms of total protein extracts per 
sample were loaded onto a 10–12% SDS-polyacrylamide 
gel, electrophoresed under reducing conditions [25] and 

transferred onto a nitrocellulose membrane (Bio-Rad) as pre-
viously described [20]. Membranes were incubated for 16 h 
at 4 °C with anti-phospho-protein kinase B (pAKT) (#4060, 
CST, 1:1000), anti-protein kinase B (AKT) (# 9272, CST, 
1:1000), and anti LC3 (#2775, CST, 1:1000) and for 1 h at 
room temperature with anti-tubulin (T5168, Sigma-Aldrich, 
1:500). Membranes were incubated with secondary HRP 
antibodies (anti-mouse, anti-rabbit, Sigma-Aldrich 1:4000) 
for 45 min at room temperature. Signals were detected by an 
ECL immunodetection system (Amersham Corp, Arlington 
Heights, IL, USA) following the manufacturer’s instruction. 
The relative band intensity was captured by Chemi DocTM 
XRS 2015 (Bio-Rad Laboratories, Segrate, Milano, Italy), 
and densitometric analysis was performed using ImageJ 
software (NIH, 469 Bethesda, MD, USA) and normalized 
to tubulin.

Statistical analysis

SPSS 16.0 for Windows was used for statistical analysis. 
Data are expressed as the mean ± SD. A comparison of 
the individual treatments was conducted using one-way 
ANOVA, followed by Tukey–Kramer post hoc analyses. 
p < 0.05 was considered statistically significant.

Results

Expression of components of the TH machinery 
in hGCs

Gene expression levels of the main TH machinery mole-
cules were evaluated by RT-PCR in hGL cells. As shown 
in Fig. 1, genes encoding for thyroid receptors A (THRA1, 

Table 1   Sequence of oligonucleotides used as RT-PCR primers

Fw forward primer, Rv reverse primer

Gene Primers Product 
length 
(bp)

B-ACTIN Fw 5′-AAA​ATC​TGG​CAC​CAC​ACC​TTC​TAC​
-3′

Rv 5′-AGG​AGG​AGC​AAT​GAT​CTT​GAT​CTT​
C-3′

750

THRA1 Fw 5′-CCC​TGA​AAA​CCA​GCA​TGT​CAG-3′
Rv 5′-TTC​TTC​TGG​ATT​GTG​CGG​C-3′

151

THRA2 Fw 5′-GGT​GCT​GCA​TGG​AGA​TCA​TG-3′
Rv 5′-TCG​ATC​TTG​TCC​ACA​CAC​AG-3′

259

THRB1 Fw 5′-GGC​TGC​AAG​GGT​TTC​TTT​AG-3′
Rv 5′-CGT​TGG​TCG​CCA​CAT​GGG​CT-3′

325

DIO1 Fw 5‘-AAG​AGG​CTC​TGG​GTG​CTC​TTGG-3‘
Rv 5‘-GGT​TCT​GGT​GAT​TTC​TGA​TGTC-3‘

499

DIO2 Fw 5‘-CTC​TAT​GAC​TCG​GTC​ATT​CTGC-3‘
Rv 5‘-TGT​CAC​CTC​CTT​CTG​TAC​TGG-3‘

211

DIO3 Fw 5‘-CCT​GGG​ACT​CTG​CTT​CTG​TAAC-3‘
Rv 5‘-GGG​GTG​TAA​GAA​AAT​GCT​GTA​

GAG​-3‘

136

MCT8 Fw 5‘-CAA​CGC​ACT​TAC​CGC​ATC​TG-3‘
Rv 5‘-GTA​GCC​CCA​ATA​CAC​ACC​AAGAG-

3‘

146

Table 2   Sequence of oligonucleotides used as real-time PCR primers

Fw forward primer, Rv reverse primer

Gene Primers Product 
length 
(bp)

HPRT Fw 5′-TGG​AGT​CCT​ATT​GAC​ATC​GCC-3′
Rv 5′-AAC​AAC​AAT​CCG​CCC​AAA​GGG-3′

197

Caspase-3 Fw 5′-CCA​TCG​CCA​AGT​AAG​AAA​GTG-3′
Rv 5′-TCT​CCC​GTG​AAA​TGT​CAT​ACTG-3′

330

BAX Fw 5′-TGT​TTT​CTG​ACG​GCA​ACT​TC-3′
Rv 5′-ACA​AAG​ATG​GTC​ACG​GTC​TG-3′

333

P53 Fw 5′-CCC​CTG​TCA​TCT​TCT​GTC​CCTT-3′
Rv 5′-CAG​ACC​ATC​GTC​ATC​TGA​GCAG-3′

291

CYP19A1 Fw 5′-TTG​GAA​ATG​CTG​AAC​CCG​AT-3′
Rv 5′-TGG​ATT​GTT​GTT​AAA​TAT​GAT​GCC​

-3′

408

STAR​ Fw 5′-GCT​GCT​AGC​GAC​ATT​CAA​GC-3′
Rv 5′-CAT​CAC​AGC​CTG​TTG​CCT​CA-3′

85
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THRA2) and B (THRB1) and thyroid transporter MTC8 
were expressed in hGL cells. In accordance with evidence 
reported by Aghajanova [18], expression of genes encoding 
for Type 1 deiodinases (DIO1) was not detectable, while 
both transcripts of deiodinases II and III (DIO2, DIO3) were 
present (Fig. 1).

Effect of T3 and T4 on GL cell viability

To evaluate the presence of functional receptors in hGL 
cells, we studied the effect of T3 and T4 on cell viability. 
Cells were cultured for 48 h in the presence of 1% FBS 
to prevent nutrient starvation, with or without T3 and T4 
at different concentrations (0.1–100 nM). Cells cultured in 
the presence of 5% FBS were utilized as a positive control 
(Ctrl).

As shown in Fig. 2, separate addition of T3 and T4 pro-
moted cell viability in a dose-dependent manner, with T3 
being more effective.

Effect of T3 and T4 on expression of CYP19A1 
(aromatase) and StAR

To evaluate the effect of T3 and T4 on the expression levels 
of granulosa cell-specific genes implicated in follicle steroi-
dogenesis, such as CYP19A1 (aromatase) and steroidogenic 
acute regulatory protein (StAR), the mRNA extracted from 
hGCs cultured for 48 h in the presence of 1% FBS to prevent 
nutrient starvation, with or without 100 nM T3 and T4 was 
analysed by real-time PCR. As shown in Fig. 3, the addition 
of 100 nM THs significantly reduced the level of expression 
of CYP191A, while the expression of StAR was upregulated.

Impact of T3 and T4 on hGL cell death

To test whether thyroid hormones T3 and T4 were able to 
counteract serum starvation-induced cell death in hGL cells, 
cells were cultured in the absence of FBS (-FBS) for 48 h 
and simultaneously exposed to increasing concentrations of 
hormones. Cells cultured in the presence of 5% FBS were 
utilized as a positive control (Ctrl).

As shown in Fig. 4, cell death of cultured hGL cells 
increased significantly in response to serum starvation 
(-FBS). The addition of T3 or T4 counteracted cell death in 
a dose-dependent manner.

Since caspase-3 cleavage is a key step in apoptosis, we 
also analysed whether the pro-survival effect of THs was 
dependent on a direct regulation of this function.

Serum-deprived cells were cultured in the presence or 
absence of 100 nM T3 and T4 for 24 h and the presence 

Fig. 1   TH machinery gene expression in hGL cells. Total RNA was 
prepared from freshly isolated hGL cells and analysed by semiquan-
titative RT-PCR as described in the “Materials and methods”. The 
primers are indicated in Table 1. An aliquot of each PCR product was 
electrophoresed onto 2% agarose gel and stained with ethidium bro-
mide

Fig. 2   Granulosa cell viability was assessed by the XTT assay. 
Freshly isolated hGL cells were exposed to increasing concentrations 
of T3 and T4 (0.1–100 nM) in complete medium supplemented with 
1%FCS. 5% FCS was utilized as positive control (Ctrl). Data are pre-
sented as fold induction with 1% FBS value arbitrarily set to 1. All 
data are presented as the mean ± SD and are the result of at least 
three individual experiments. *p < 0.05, **p < 0.01. ***p < 0.001 vs. 
1%FCS
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of active caspase-3 evaluated by IF. As expected, immu-
nofluorescence for active caspase-3 increased in cells cul-
tured for 24 h in the absence of FBS (-FBS) but decreased 
after treatment with either T3 or T4 (Fig. 5).

Moreover, caspase-3 mRNA expression also decreased 
after stimulation with T3 or T4 at the same concentration 
(Fig. 6).

Effect of T3 and T4 on expression of P53 and BAX

The expression of BAX and P53 mRNA was analysed by 
real-time PCR in cells cultured in the absence of FBS (-FBS) 
for 24 h and simultaneously exposed to 100 nM T3 or T4. 
Cells cultured in the presence of 5% FBS were compara-
tively assessed as a positive control (Ctrl). As shown in 
Fig. 7, starvation induced an increase in the expression of 
both genes and the addition of 100 nM THs significantly 
reduced their level of expression.

Effect of T3 and T4 on starvation‑induced autophagy

To evaluate if autophagy could be involved in starvation-
induced cell death, hGL cells were cultured in the absence 
of FBS for 24 h and simultaneously exposed to 100 nM T3 
or T4. At the end of culture, the conversion of LC3-I to LC3-
II was evaluated by western blot, the ratio between LC3-II/
LC3-I being a reliable marker of autophagy. As shown in 
Fig. 8a, b, in starved cells (-FBS) the expression of LC3 
protein significantly decreased, while the ratio LC3-II/LC3-I 
increased. Treatment with T3 and T4 for 24 h reverted this 
effect.

T3 and T4 activate AKT in hGL cells

To evaluate the effect of T3 and T4 on AKT activation, hGL 
cells were cultured in the absence of FBS (-FBS) and treated 

Fig. 3   Effects of T3 and T4 on CYP-19 and StAR gene expression 
in hGL cells. Cells were exposed to T3 or T4 (100 nM) for 48 h in 
complete medium supplemented with 1% FCS. Extracted total RNA 
extracted subject to real-time PCR using specific primers indicated 
in Table  2. Each sample was normalized against its HPRT content. 
Results are expressed as fold induction with Ctrl value arbitrarily set 
to 1. Data are represented as the mean ± SD of three independent cell 
preparations. *p < 0.05, **p < 0.01 vs. Ctrl

Fig. 4   Percentage of hGL cell death. Cells were cultured in the 
absence of serum (-FBS) and in the presence of increasing concentra-
tions (0.1–100 nM) of T3 or T4. 5% FCS was utilized as positive con-
trol (Ctrl). Apoptotic nuclei were detected as TUNEL positive, and 
nuclei were counter-stained with Hoechst 33258. At least ten fields 
per chamber and three independent cultures were examined. The per-
centage of cell death was calculated as percentage of TUNEL-pos-
itive nuclei on Hoechst nuclei. *p < 0.01, **p < 0.005, ***p < 0.001. 
vs. -FCS
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with 100 nM T3 or T4 for 48 h. AKT phosphorylation was 
evaluated by western blot. Cells cultured in the presence 
of 5% FBS were utilized as a positive control (Ctrl). In the 
absence of serum, a significant reduction of AKT phospho-
rylation was observed; treatment for 24 h with T3 or T4 
reverted this effect (Fig. 9a, b).

Effect of TH on C2‑ceramide‑induced apoptosis

C2-ceramide induces hGL cell death by increasing cell 
apoptosis [26]. We investigated the influence of THs on sur-
vival of hGL cells after treatment with 100 µM C2-ceramide. 
Treatment with ceramide induced a significant decrease in 
cell viability (Fig. 10a) and a corresponding increase in cell 
death (Fig. 10b) (60%; p < 0.005). The addition of 100 nM 
T3 improved cell viability reducing significantly cell death 
(Fig. 10). Treatment with 100 nM T4 did not induce a sta-
tistically significant effect on cell death.

Discussion

We previously demonstrated that thyroid hormone T3 can 
act as a survival factor for human granulosa cells COV434 
[22] and rat granulosa cells [20], thus supporting follicle 
growth. Moreover, we reported that the ability of T3 to 

protect granulosa cells from apoptosis is PI3K/AKT medi-
ated. In the present study, we confirm the presence of the TH 
machinery in hGL cells and show that treatment of hGL cells 
with thyroid hormones induces cell survival and decreases 
cell death and caspase activation.

We observed that the thyroid hormones T3 and T4 caused 
a significant increase in the cell growth rate and a con-
comitant decrease in cell death. The effect of T3 was dose-
dependent and statistically significant at 10 and 100 nM, 
while T4 showed significant action only at 100 nM. Indeed, 
this difference is consistent with the fact that T3 is at least 
ten times more effective than T4 [27].

Successful follicle development depends on a delicate 
balance between apoptosis and survival. In absence of the 
proper survival factors, endogenous apoptosis pathways 
intrinsic to the follicle are triggered and atresia occurs. In 
addition to gonadotropins, a number of other factors have 
been reported to affect follicular development and act 
directly or indirectly on follicular cell differentiation, growth 
or atresia [6]. Thyroid hormones T3 and T4 have been found 
among these factors.

In the rat ovary, THs play a synergistic effect with FSH to 
promote proliferation and survival of granulosa cells [28]. It 
has also been shown that T3 alone significantly downregu-
lates the levels of Bcl-2-associated death promoter (Bad) 
mRNA, protects granulosa cells from ceramide-induced 

Fig. 5   Detection of cleaved 
caspase-3. Microphotographs of 
hGL cells cultured in serum-
free medium for 24 h without 
(-FCS) or with 100 nM T3 
(-FCS + T3) or T4 (-FCS + T4) 
and then stained with active 
caspase-3 antibody and 
counter-stained with Hoechst 
33258. The photographs were 
taken on a Zeiss Axioplan 
fluorescent microscope with 
multiwavelength filter pairs 
(UV for Hoechst stain and green 
light for caspase-3). Note the 
apoptotic cells showing green 
staining in the cytoplasm. Scale 
bar = 50 µm
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apoptosis [10] and promotes the proliferation and survival 
of granulosa cells [20].

THs are found in follicular fluid of human ovarian fol-
licles [7] and have been shown to influence ovarian follicles 
functions [29]. In addition, in a dose-dependent fashion, they 
modulate the responsiveness to FSH and hCG of human and 
porcine granulosa cells in terms of steroidogenic activity, 
cellular morphology, and expression of hCG receptors [30, 
31].

Moreover, in human granulosa luteal cells, T4 alone 
was found to activate ERK1/2 phosphorylation [18] and 
stimulate TIMP 1 [32]. Moreover, T3 and T4 modulated 
the expression of enzymes involved in the steroidogenesis. 
We observed a decrease in the expression of CYP19A1, as 
already observed in the rat [33] and mouse [34] ovary. Con-
versely, StAR expression was upregulated by stimulation 
with T3 and T4. These data suggest that thyroid hormone 
action on survival can be mediated by progesterone produc-
tion [35].

During follicle development in mammals, granulosa and 
luteal cell death is an important selective process based on 
apoptosis [36] and autophagy [37]. These two pathways 
are strictly correlated. In fact, autophagy is prominently 
induced in rat luteal cells during corpus luteum (CL) 

regression, while autophagosome accumulation induces 
apoptotic cell death [37].

Serum deprivation, or the absence of growth factors or 
hormones such as FSH or hCG, can induce cell death by 
inhibiting the PI3K/AKT pathway [38] and inducing pro-
apoptotic molecules.

Fig. 6   Effects of T3 and T4 on Caspase-3 gene expression in hGL 
cells. Cells were serum deprived (-FBS) and exposed to T3 or T4 
(100 nM) for 24 h; hGL cells cultured in the presence of 5%FCS were 
used as positive control (Ctrl). Total RNA extracted from cells was 
subject to real-time PCR using specific primers indicated in Table 2. 
Each sample was normalized to its HPRT content. Results are 
expressed as fold induction with Ctrl value arbitrarily set to 1. Data 
are represented as the mean ± SD of three independent cell prepara-
tions. *p < 0.05, **p < 0.01 vs. -FBS

Fig. 7   Effects of T3 and T4 on BAX and P53 gene expression in hGL 
cells. Cells were treated as described in Fig. 6. Total RNA extracted 
from cells was subject to real-time PCR using specific primers indi-
cated in Table 2. Each sample was normalized to its HPRT content. 
Results are expressed as fold induction with 5% FCS value arbitrarily 
set to 1. Data are represented as the mean ± SD of three independent 
cell preparations. **p < 0.01, ***p < 0.001 vs. -FBS
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Caspase-3 is the most characterized effector caspase 
required for granulosa cell apoptosis, since granulosa 
cells from caspase-3 null ovaries do not undergo apopto-
sis in response to serum starvation [39]. Caspase-3 is the 
downstream regulator of many other effectors, including 
BCL-2 family proteins. Among these, BAX, a protein that 
acts as an antagonist of BCL-2, is expressed both in the 
oocyte and granulosa cells, and increases its expression 
in granulosa cells of atretic follicles compared to healthy 
follicles [2]. Moreover, in ovaries of young adult female 
Bax−/− mice, more primordial follicles are found compared 
with those of their wild-type sisters, with a maintenance of 
ovarian reserve in advanced chronological age [40].

Conclusions

In our study, we have demonstrated that THs counteract 
human ovarian granulosa cell apoptosis induced by nutrient 
deprivation. This effect is achieved by inhibiting the apop-
tosis signalling pathway of BAX and caspase-3, while main-
taining active the PI3K/AKT pathway. In fact, the increase 

Fig. 8   Western blot analysis for LC3-I and -II. Cells, obtained from 
pooled follicles of individual patients, were incubated for 24  h 
in serum-free medium in the presence of 100  nM T3 or T4. West-
ern blot analyses were performed as described in the “Materials and 
methods”. a Representative Western blot showing two bands corre-
sponding to the LC3 I and II. In the absence of serum (Ctrl), the band 
corresponding to the proenzyme significantly decreased, whereas the 
addition of T3 and T4 maintained higher levels of inactive enzyme. 
b Ratio values normalized by their respective tubulin values. Each 
bar represents the mean ± SD of three separate experiments and is 
expressed as arbitrary units (a.u.). *p < 0.01, **p < 0.001 vs. -FBS

Fig. 9   Western Blot analysis for pAKT/AKT. Western blot analy-
ses were performed as described in the Materials and Methods, and 
a specific band corresponding to the phosphorylated AKT (Ser 473) 
was detected. Cells were serum deprived (Ctrl) and exposed or not 
to T3 and T4. Tubulin was analysed as a control for gel loading. a 
Representative Western blot. b Densitometric absorbance values from 
three separate experiments were averaged (± SD) after they had been 
normalized to that of Tubulin for equal loading. Data are presented 
in the histogram as fold induction with Ctrl value arbitrarily set to 1. 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. -FBS
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of cleaved caspase-3 and BAX observed in the absence of 
FCS is downregulated by THs treatment. In agreement with 
data presented by Herr et al. [41], our data suggest that the 
inhibition of apoptosis in hGL cells is accompanied by a 
decreased expression of P53. Moreover, the induction of 
autophagy indicated by the conversion of the LC3-I into its 
active form LC3-II caused by serum deprivation appears 
partially reverted by THs.

Overall, these results are consistent with the notion that 
T3 acts as an anti-apoptotic factor, as previously demon-
strated in our previous work and in various cell systems [20]. 
Moreover, supported by the analysis of pAKT levels, our 
experiments suggest a positive action of T3 on granulosa 
cells through activation of PI3K, a widely recognized target 
of this hormone in many tissues [42].
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