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A B S T R A C T

Aims: Follicle-stimulating hormone (FSH) plays a fundamental role in reproduction stimulating ovarian folli-
culogenesis, Sertoli cells function and spermatogenesis. However, the recent identification of FSH receptor 
(FSHR) also in extra-gonadal tissues has suggested that FSH activity may not be limited only to fertility regu-
lation, with conflicting results on the possible role of FSH in endothelial cells. The aim of this study was to 
investigate FSH role on endothelial function in Human Umbilical Vein Endothelial Cells (HUVECs).
Results: Endothelial Nitric oxide synthase (eNOS) expression, eNOS phosphorylation and Nitric Oxide (NO) 
production resulted increased after the stimulation of HUVEC with recombinant human FSH (rhFSH) at 3.6x103 

ng/ml, with increasing Calcium release from intracellular stores. Furthermore, IP3 production increased after 
rhFSH stimulation despite PTX treatment and NFAT1 was observed prevalently in nucleus.
We observed a statistical difference between untreated cells and cells stimulated with 0.36x103 ng/ml and be-
tween cells stimulated with 0.36x103 ng/ml and cells stimulated with 1.8x103 ng/ml at 4 and 8 h by Wound 
healing assay, respectively. Furthermore, a higher cellular permeability was observed in stimulated cells, with 
atypical VE-cadherin distribution, as well as filamentous actin.
Conclusions: Our findings suggest that FSH at high concentrations elicits a signalling that could compromise the 
endothelial membrane. Indeed, VE-cadherin anomalies may severely affect the endothelial barrier, resulting in 
an increased membrane permeability. Although NO is an important vasodilatation factor, probably an excessive 
production could impact on endothelial functionality, partially explaining the increased risk of cardiovascular 
diseases in menopausal women and men with hypogonadism.

1. Introduction

Follicle-stimulating hormone (FSH) is a glycoprotein hormone pro-
duced and released by the anterior pituitary gland in response to 
gonadotropin-releasing hormone (GnRH) (Kaprara and Huhtaniemi, 
2018). It is composed of an α subunit common to luteinizing hormone 
(LH) and thyroid stimulating hormone (TSH) and a specific β subunit 
(Pierce and Parsons, 1981) and it plays a fundamental role in repro-
duction in both sexes by stimulating ovarian folliculogenesis and 
testicular spermatogenesis (D’Antonio et al., 1999; Oduwole et al., 
2018; Santi et al., 2020). Since the FSH receptor (FSHR) expression was 

considered exclusively gonad-specific, a possible biological role of FSH 
in other organs was disregarded for many years. However, the recent 
identification of FSHR also in extragonadal tissues has suggested that 
FSH activity may not be limited only to fertility regulation (Liu et al., 
2017; Robinson et al., 2010; Stilley et al., 2014; Sun et al., 2006). This 
finding has sparked many groups’ interest, opening intriguing hypoth-
eses on novel functional aspects of FSH. However, FSHR extragonadal 
expression is still under investigation, and consequently, the possible 
role of FSH in extra-reproductive organs is still relatively unexplored 
(Chrusciel et al., 2019; Rajendra Kumar, 2014, 2018).

FSHR is a transmembrane protein belonging to the large family of G- 
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protein coupled receptor and consisting of three functional domains: an 
extracellular domain with multiple leucine-rich repeats (LRRs), seven 
transmembrane helices (7TM) and a C-terminal domain (Dias et al., 
2002; Hsu, 2003; Segaloff, 1993; Simoni et al., 1997). Although for 
several decades the Gαs/adenylyl cyclase/cAMP/PKA pathway has been 
considered the canonical mechanism by which FSH exerts its activity 
(Dattatreyamurty et al., 1987; Hunzicker-Dunn and Maizels, 2006), 
multiple transduction mechanisms induced by FSH have been demon-
strated over last years, leading to the activation of different downstream 
events such as steroidogenesis, proliferation, apoptosis and survival 
signals (Casarini and Crépieux, 2019). Each of these pathways is 
modulated by different intracellular effectors, whose activation depends 
mainly on the tissue and on particular developmental stage of 
FSH-target cells (Crépieux et al., 2001; Gloaguen et al., 2011). The 
stimulated FSHR can interact with heterotrimeric G proteins, causing 
the dissociation of α-subunits consisting of four families (αs, αq, αi, 
α12/13) and mediating different molecular signalling depending on 
released α subunit. Additionally, the receptor could interact with other 
two protein families such as G protein-coupled receptor kinases (GRKs) 
and arrestins. Therefore, different molecular mechanisms can be switch 
on depending on the interactors.

Despite endothelium being included in extragonadal tissues 
expressing FSHR, the possible role of FSH in this tissue is unclear, since 
the few published studies reported contrasting findings (Stelmaszewska 
et al., 2016; Stilley et al., 2014; Tan et al., 2021; Tedjawirja et al., 2023). 
FSHR transcript and FSHR protein has been detected in human umbilical 
vein endothelial cells (HUVEC) in some studies (Stilley et al., 2014; Tan 
et al., 2021), but not in others (Tedjawirja et al., 2023). Stilley et al. 
reported positive effects of FSH in tube formation, wound healing, cell 
migration, cell proliferation, nitric oxide (NO) production, cell survival, 
and angiogenic processes in HUVEC (Stilley et al., 2014). Still, Stel-
maszewska et al. did not confirm these findings.(Stelmaszewska et al., 
2016).

Nevertheless, the understanding of possible physiological roles of 
FSH on endothelium and of pathologically high circulating levels of FSH 
in endothelium dysfunction is of great relevance (Li et al., 2017). In fact, 
endothelial dysfunction is a critical event in the development of car-
diovascular diseases (CVDs) (Reitsma et al., 2007), and gonadal 
impairment with high FSH plasma levels (because of the reduced 
inhibitory effect at the hypothalamic-pituitary level) is a known risk 
factor for both endothelial dysfunction and CVDs. Both oestrogenic 
deficiency in females (as observed for example in physiologic and 
pathologic menopause) and low testosterone (hypogonadism) in males 
are known CVDs risk factors and are associated with cardiovascular 
mortality (Maggio and Basaria, 2009; Xiang et al., 2021). Therefore, 
although sex hormones directly affects the endothelium (Stanhewicz 
et al., 2018), a possible direct effect of increased levels of FSH cannot be 
ignored. Interestingly, subclinical forms of hypogonadism characterised 
by normal circulating levels of sex hormones and high levels of FSH are 
still associated with CVDs morbidity and mortality, both in the ageing 
males (Corona et al., 2021) and in young men for example affected by 
the Klinefelter syndrome (Accardo et al., 2019; Salzano et al., 2016).

The present study aimed to better investigate FSH activity in HUVEC 
cell line with different functional and molecular studies to clarify 
whether FSH might have physiological roles on endothelium and, 
therefore, whether pathologically high FSH levels might impact on 
endothelial functionality.

2. Materials and methods

2.1. Cell culture and reagents

HUVECs pools (Life Technologies), were plated on 0,1% gelatin 
(Sigma Aldrich)-coated tissue culture dishes and maintained in phenol 
red-free basal medium M200 (Life Technologies) containing 10% FBS 
(Euroclone), 1% Pen/Strep (Gibco), 1% L-glutamine (Gibco) and LSGS 

growth factors (Life Technologies) at 37 ◦C with 5% CO2. HUVEC 
(passages 2–4) were used for cell stimulation studies. Before the stim-
ulation with recombinant human FSH (rhFSH) (Gonal-f 900IU-66μg/1.5 
ml, Merck KGaA, Darmstadt, Germany), HUVECs were hormone- 
deprived using charcoal/dextran-treated Fetal Bovine Serum (FBS) 
(Gibco) for 16 h before treatment. Concentrations of rhFSH ranging from 
0.36 x 103 ng/ml (corresponding at 5 IU/ml) to 11 x 103 ng/ml (cor-
responding at 150 IU/ml) were used for stimulations. Although rhFSH 
concentrations used in this study are very high, however Riccetti et al. 
found that to induce a FSHR intracellular interactor different from ca-
nonical Gαs,such as β arrestin 2, 278.6 ± 56.9 ng/ml of Gonal-f were 
necessary (Riccetti et al., 2019). Additionally, the same authors 
observed that intracellular Ca2+ increase was highlighted exclusively 
when the cells were stimulated with 4 x 103 ng/ml of rhFSH (Riccetti 
et al., 2019).

2.2. RNA isolation and real-time PCR

HUVECs were seeded at 40% confluence in 6 well-plate and trans-
fected after 18h with 10 nM of FSHR (si)RNA (Origene) (#SR301661, 
Life Technologies) using siTran 2.0 siRNA transfection reagent (Ori-
GENE Inc, TT320001) when it reached the 50% confluency according 
the manufacturer’s protocol. Cells at 80% confluence were used for 
experiments (about 48 h after transfection). Scrambled siRNA was 
added to cells not transfected with siFSHR.

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, 
Germany). Then, 500 ng of total RNA were reverse transcribed using 
SuperScript III reverse transcriptase (Life Technologies, Carlsbad, CA, 
USA) according to manufacturer’s protocol. cDNA was used for real-time 
PCR experiments to measure the amount of FSHR and e-NOS transcripts. 
Real-time PCR reactions were conducted on StepOne Plus in a final 
volume of 20 μl. Primers concentration was 500 nM. Since it has been 
suggested that HUVECs express exclusively FSHR mRNA lacking exon 9 
(Stilley et al., 2014) and since it has been demonstrated that exons 2 and 
3 are necessary for FSH binding and signalling (Mann et al., 2000), we 
used primers spanning exons 2–3 (FSHR forward, CTCACCAAGCTTC-
GAGTCATCCAA and FSHR reverse, AAGGTTGGAGAACA-
CATCTGCCTCT) as described from Stilley et al. (2014) and primers 
spanning exons 9 (forward, TGGACCAGTCATTCTCTCTGA and reverse, 
CTCTGCTGTAGCTGGACTCAT) to amplify FSHR, whilst the primers 
eNOS forward 5′- CGGCATCACCAGGAAGAAGA -3′ and eNOS reverse 5′- 
CATGAGCGAGGCGGAGAT -3′ were used to amplify eNOS. Changes in 
gene expression were calculated by the 2− ΔΔCt formula using GAPDH as 
reference gene.

2.3. NO production

Before the experiment cells were seeded onto 24-well plate (9x104 

cells/well). After overnight incubation in culture medium cell were 
starved for 4 h. Then, the cells were treated without (control) and with 
rhFSH at increasing concentrations for 24h. After the treatment, the 
plate was shaken for 90 min to generate shear stress in order to activate 
NO production. Successively, the cells were incubated for 45 min with 
5uM of DAF-FMTM diacetate (Invitrogen, Waltham, MA, USA) at 37 ◦C. 
The cells were washed in PBS to remove the excess probe. Fresh HUVEC 
medium was added to cells that were incubated 30 min to allow com-
plete de-esterification of the intracellular diacetates.

Optical density was obtained using BERTHOLD MITHRAS Spectro-
photometer using excitation max at 495 nm and fluorescence max at 
515.

2.4. Elisa for p-eNOS and IP3

HUVEC cell lysates were used to quantify p-eNOS and Inositol 
Triphosphate (IP3) by ELISA kit according to the manufacturer’s pro-
tocol (ab279779 and ab287832 respectively, Abcam). For IP3 assay, 
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cells stimulated with 3,6 x 103 ng/ml of rhFSH were pre-treated for 45 
min with and without YM-254890 (Gαq inhibitor; AdipoGen Life Sci-
ences) at 30 nM. Briefly, lysates of cells previously treated overnight 
with rhFSH were pipetted into the wells pre-coated with eNOS and IP3. 
In two micro-plate, anti-phospho eNOS (S1177) (used to detect phos-
phorylated protein) and IP3 antibodies were added. In the remaining 
wells of eNOS Elisa Kit, mouse anti-pan-eNOS antibody (antibody 
detecting different isoforms of NO synthase) was used to detect total 
eNOS. After washing away unbound antibody, Horseradish Peroxidase 
(HRP)-conjugated anti-rabbit IgG or HRP-anti-mouse IgG is pipetted 
into the wells. The wells are again washed and TMB substrate was added 
to the wells. The optical density was determined using BERTHOLD 
MITRHAS reader at 450 nm. A standard curve was generated for both 
assays. Based on this standard curve, linear regression analysis was 
performed. The amount of p-eNOS Ser1177 and IP3 in the cells was 

calculated by comparing the OD of the samples to the standard curve.

2.5. Immunofluorescence

Immunofluorescence was used to identify VE-cadherin, NFAT, 
phalloidin. Cultured cells treated and not with 3,6 x 103 ng/ml of rhFSH 
were fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS (Euro-
Clone), blocked with 1% normal goat serum (Thermo Fisher), 2% bovine 
serum albumin (Sigma-Aldrich), 0.3% Triton X 100 in PBS for 1h at 
room temperature, and incubated with the following primary antibodies 
overnight in PBS with 0.3%Triton X 100, 1% BSA: rabbit anti-VE cad-
herin (Cellsignaling, 1:400); rabbit anti- NFAT1 (ab2722, Abcam, 
1:1000), cells with phalloidin FITC-conjugated secondary antibody 
(F432,Thermo Fisher, 1:100) were incubated for 1h. Primary immuno-
reaction was detected with the proper secondary antibody: goat anti- 

Fig. 1. (A) FSHR expression by RT-PCR using primers spanned exons 2 and 3 of FSHR gene. A 120 base pairs (bp) PCR product was observed exclusively in cells not 
transfected with siFSHR. 
(B) Production of Nitric oxide (NO) in untreated cells (ctrl) and cells after rhFSH stimulation at concentrations ranging from 0.36 x 103 ng/ml to 11 x 103 ng/ml. At x- 
axis there are the different concentrations of rhFSH used. A one-way ANOVA test was performed to calculate the difference among cells stimulated with increasing 
concentrations of rhFSH. ** = p < .005 * = p ≤ 0.05. Data are the results of three independent biological replicates, with three technical replicates for each, and are 
represented as mean ± SD. eNOS expression (C) and p-eNOS quantification (D) in cells not transfected with siFSHR and untreated cells with rhFSH (− /− ), in cells 
transfected with siFSHR and stimulated with rhFSH (+/+) and in cells not transfected with siFSHR and stimulated with rhFSH (− /+). For cell stimulation, a 3.6 x 
103 ng/ml dose of rhFSH was used as concentration. Two-tailed Student’s t was used to detect the differences between untreated and treated cells (with and without 
siFSHR transfection). Data are the results of two independent biological replicates, with three technical replicates for each, and are represented as mean ± SD. * = p 
< .05 (C–D).
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rabbit IgG (H + L)-Alexa Fluor Plus 647 conjugated (Thermo Fisher). 
After immunofluorescence staining, cells were counterstained with the 
nuclear dye DAPI (1 μg/ml in PBS, 0.3% Triton-X 100) for 20 min at RT. 
Cells were finally washed in PBS and mounted in Mowiol (Sigma- 
Aldrich). Immunofluorescence was visualized by using laser scanning 
confocal microscopy (ZEISS LSM 710, ZEISS, Germany).

2.6. Calcium assay

Changes in cytosolic Ca2+ levels were monitored in HUVECs loaded 
with the fluorescent Ca2+-sensitive dye Fluo-4 AM (Molecular Probes, 
Invitrogen). This method allows to monitor the response of the cells to 
stimulations by molecules thanks to the cell turning on and simulta-
neously to see the peaks of calcium flow on the graph.

Briefly, HUVECs were incubated with 2 μM Fluo-4 AM for 20 min at 
37 ◦C and washed with external buffer before fluorescence measure-
ments. Fluo-4 fluorescence was recorded with the same photometric 
microscope set-up as described for FRET measurements. Excitation time 
was 50 ms at a frequency of 1 Hz. Excitation wavelength was set to 490 
nm (exciter ET470/40 × , dichroic T495LP), and emission of single 
whole cells was recorded at 535 ± 15 nm (DCLP 505 nm). The fluo-
rescence intensity of Fluo-4 increases upon Ca2+ binding. To determine 
whether Ca2+ flux was the result of the opening of Calcium channel or 
the release of ion from intracellular storage, cells were pre-treated with 
1 μg/ml pertussis toxin (PTX; Sigma-Aldrich) for 1 h and 3.6 x 103 ng/ml 
of rhFSH has been added. ROIs (regions of interest) are drawn around 
randomly selected cells that are obtained from image sequences. MAT-
LAB software was used for the analysis of calcium imaging data.

2.7. Wound healing assay

To investigate cell migration, we used the wound healing assay. 
HUVEC were seeded onto 24-well plate (9x104 cells/well) and incubated 
in culture medium until they reached a confluent monolayer. When the 
monolayer was reached the cells were treated without rhFSH and with 
rhFSHR at different concentration (from 0.36 x 103 ng/ml to 11 x 103 

ng/ml). The day after a scratch wound was created using a 200 μl pipette 
tip. Cells were treated with rhFSH for 4 and 8 h. Pictures were taken 
automatically every hour from two different places in the same well. 
Relative wound density was calculated by Image J Software.

2.8. Tube formation assay

HUVECs (passage 2–4) grown to 70–80% confluency in phenolred- 
free M200 containing 2% FBS and LSGS growth factors were utilized. 
Cells were hormone-deprived for 8 h in phenol red-free M200 containing 
2% charcoal/dextran-treated FBS and treated overnight with rhFSH 
(concentrations from 0,36 x 103 ng/ml to 11 x 103 ng/ml) and without 
treatment as control. Cells were then trypsinized (Gibco) and suspended 
in fresh media containing their respective treatments and added to 24 
wells previously coated with 95ul of Geltrex (Gibco) and treated without 
(control) or with rhFSH. The plates were incubated at 37 ◦C and tube 
formation was monitored. After 4 and 8 h after seeding, images were 
captured with a Nikon Digital Sight DS-2Mv camera coupled to a light 
inverted microscope (40X objective). Endothelial cells sprouting was 
assessed by counting the number of closed intercellular compartments 
(closed rings or pro-angiogenic structures) in 5 fields per wells.

Six parameters to define endothelial networks were used: Meshes 
(areas enclosed by segments or master segments), Junctions (group of 
dots associated with a bifurcation), Segments (elements delimited by 

Fig. 2. (A) Immunocytochemical localisation of NFAT1 in untreated cells (− ) and cells transfected (+siFSHR) and not transfected (-siFSHR) after rhFSH stimulation 
at 3.6 x 103 ng/ml. Scale bar: 50 μm (40X magnification). (B) Bar graphs showing NFAT1 nuclear localisation cells in not transfected with siFSHR and untreated cells 
with rhFSH (− /− ), in cells transfected with siFSHR and stimulated with rhFSH (+/+) and in cells not transfected with siFSHR and stimulated with rhFSH (− /+). 
ImageJ software was used to calculate the fluorescence). Data are the results of three independent biological replicates and are represented as mean ± SD.
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two junctions), Branches (elements delimited by a junction and one 
extremity), Master Junctions (junctions linking at least three master 
segments. Optionally, two close master junctions can be fused into a 
unique master junction) and Master Segments (part of three delimited by 
two junctions none exclusively implicated with one branch).

ImageJ software (http://image.bio.methods.free.fr/ImageJ/?Gillea- 
Carpentier&Iang=en) was used for image analysis.

2.9. Permeability assay

Millipore ECM644 was used for permeability assay. The assay was 
carried out according to the protocol of the Millipore In Vitro Vascular 
Permeability Assay kit (Catalog#: ECM644; Millipore, Billerica, MA, 
USA). Briefly, cells (1 × 105) were seeded into the culture inserts of 
permeability chambers that were coated with collagen and incubated at 
37 ◦C until a monolayer was formed. After the cells were starved from 
serum for 1 h with Hank’s balanced salt solution (HBSS), then treated 
with 3.6 x 103 ng/ml rhFSH. Cells were incubated for another 30 min at 
37 ◦C, followed by addition of 75 μl of FITC-Dextran to each insert for 20 
min at room temperature (RT), and then 100 μl of the solution in the 
bottom chamber was transferred to a black 96-well opaque plate. 
Absorbance at 485 and 535 nm was measured in BERTHOLD MITRHAS 
reader. Reagent control wells were treated with HBSS only. Blank inserts 
without plated cells were also included as controls.

2.10. Statistical analysis

All statistics were calculated using SPSS (version 21.0 for Windows; 

SPSS, Inc., Chicago, IL). The results were expressed as means ± SDs. 
Data distributions were analysed by Shapiro-Wilk W test for normality, 
while differences between untreated (− /− ) and treated cells (trans-
fected or not with siFSHR, +/+ and − /+ respectively) and between 
rhFSH treatment groups and negative control were evaluated by Student 
t-test or one-way ANOVA test where appropriate. Statistical significance 
was set at p ≤ .05.

3. Results

RT-PCR showed FSHR mRNA expression in HUVEC cells, also 
confirmed by the lack of FSHR transcript after cell transfection with 
siFSHR (Fig. 1A). This transcript corresponds to the short-length tran-
script since no amplicon was observed using primers amplifying exon 9 
(data not shown).

Nitric oxide (NO) and Ca2+ are among the most important mediator 
of functional activity of endothelial cells, such as vasodilation and 
angiogenesis. We therefore assessed NO production by shear stress in 
rhFSH-stimulated cell and found an increased total nitrile mainly at 3.6 
x 103 ng/ml rhFSH concentration (Fig. 1B). Since NO production de-
pends on eNOS gene expression and phosphorylation, we assessed them 
by RT- PCR (Fig. 1C) and ELISA assay (Fig. 1D) respectively in cells 
stimulated with rhFSH at 3.6 x 103 ng/ml in standard conditions and 
after silencing of the FSHR through siRNA. 3.6 x 103 ng/ml of FSH was 
used for stimulating since at this concentration a very statistically sig-
nificant NO production was observed. Both eNOS expression and 
Ser1177 phosphorylation was increased upon FSH stimulation and this 
effect was mediated by FSHR, as no modification was observed in cells 

Fig. 3. (A) Intracellular Calcium influx in untreated HUVECs (ctrl) and in HUVECs stimulated with rhFSH at concentrations ranging from 0.36 x 103 ng/ml to 11 x 
103 ng/ml. (B) Calcium imaging data after incubation with PTX and rhFSH stimulation. Colours in A and B figures represent the different cells randomly selected from 
image sequences and used to calculate fluorescence (dF/F0). dF is the moment-by-moment signal deviation from that baseline; F0 measures the baseline fluorescence. 
(C) Production of IP3 in cells untreated (blu) and cells treated with protein Gαq inhibitor (red). IP3 concentration (pg/ml) has been measured in cells without and with 
stimulation of rhFSH at 3.6 x 103 ng/ml. A four-parameter logistic curve on log-log graph was plotted, with standard concentration on the x-axis and Optical Density 
(OD) values on the y-axis. Then OD of the samples was measured. The concentration of IP3 in tested samples was calculated by comparing the OD of the samples to 
the standard curve. The data are represented as means ± SD of three independent technical experiments. * = p < .05.
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silenced for FSHR. To further understand the mechanisms underlying 
eNOS induction in FSH-treated cells, we assessed whether FSH stimu-
lated nuclear translocation of NFAT1, a transcriptional activator of eNOS 
gene. Immunofluorescence analysis showed that FSH induced nuclear 
translocation of NFAT1 and this effect was abolished in cells silenced for 
FSHR expression (Fig. 2A and B).

We then assessed the possible effect of FSH on intracellular Ca2+, 
which is necessary in this pathway, being involved in NFAT1 trans-
location and eNOS phosphorylation. An evident intracellular Ca2+

([Ca2+] i) flux was observed at 1.8 x 103 ng/ml and 3.6 x 103 ng/ml 
rhFSH concentration (Fig. 3A). In order to understand the mechanism 
underlying increased [Ca2+] i, calcium was measured in cells incubated 
with PTX, that blocking G proteins of Go/Gi class suppressing intracel-
lular calcium accumulation, and then stimulated with rhFSH (Fig. 3B). 
Peaks of [Ca2+] i after rhFSH stimulation were detected despite calcium 
channel inhibition, suggesting that the increase in [Ca2+] i was due to 
release from intracellular calcium stores, which are activated by inositol 
triphosphate (IP3) through the phospholipase (PLC) phosphatidylinosi-
tol biphosphate (PIP2) pathway after activation of FSHR. Confirming 
this pathway, we found increased IP3 production after stimulation with 
rhFSH (Fig. 3C), but not in cells incubated with a Gαq inhibitor (YM- 
254890), corroborating the specificity of the signal induced by FSH.

We then assessed the possible functional role of FSH in endothelial 
cells by wound healing (Fig. 4), tube formation (Fig. 5) using rhFSH 
concentrations ranging from 0.36 x 103 ng/ml to 11 x 103 ng/ml and 
permeability assays (Fig. 6C). We observed, by Wound healing assay, a 
statistical difference between control and cells stimulated with 
0.36x103 ng/ml and between cells stimulated with 0.36x103 ng/ml and 
cells stimulated with 1.8x103 ng/ml at 4 and 8 h, respectively (Fig. 4B). 
Additionally, tube formation assay showed the formation of capillary 

loop like structure in response to increased concentrations of rhFSH 
(Fig. 5A). The number of meshes, junctions, master segments and master 
junctions were significantly increased in rhFSH-stimulated cells 
(Fig. 5B). The effect was mainly evident comparing untreated cells to 
cells stimulated at 3.6 x 103 ng/ml.

Since endothelial integrity is highly dependent on VE-cadherin dis-
tribution and function at the endothelial adherens junctions, we deter-
mined by immunofluorescence its distribution in cells treated with FSH 
with/without silenced FSHR.

A jagged VE-cadherin staining after stimulation with rhFSH was 
observed in cells expressing the FSHR. Specifically, punctate VE- 
cadherin staining and clear gaps among cells are the result of the loss 
of the typical cobblestone morphology of endothelial cells. In contrast, 
cells not stimulated and cells silenced for FSHR showed a narrow 
borderline (Fig. 6A). Finally, immunofluorescence for filamentous actin 
(F-actin) by phalloidin probe showed a disorganisation of the protein 
along stress fibres in cells treated with FSH and the effect was abolished 
by FSHR silencing (Fig. 6B).

Furthermore, Millipore In Vitro Vascular Permeability Assay kit 
showed a higher permeability in cells treated with rhFSH, and this effect 
was abolished in cells silenced for FSHR expression (Fig. 6C).

4. Discussion

We found that FSH might act on HUVEC cells by regulating NO 
production and release of Ca2+ from intracellular stores. At high con-
centrations, it has functional activity by promoting angiogenesis and 
detrimental effects on endothelial adherens junctions and permeability. 
These findings open new perspectives on the possible role of FSH in 
extragonadal tissues and the pathogenesis of endothelial dysfunction 

Fig. 4. HUVECs were seeded in 24-well plates and “scratch-wounded” using a universal 200 μl pipette tip. Cells were treated with different concentrations of rhFSH 
(ranging from 0.36 x 103 ng/ml to 11 x 103 ng/ml). Microscopy was used to observe and photograph cell migration to the scratch area and calculate the healing area 
of the wound. Representative photomicrographs were taken at different time points (0h, 4h and 8 h). Scale bar 200 μm (10X magnification) (A). A one-way ANOVA 
test was performed to calculate the difference among cells stimulated with increasing concentrations of rhFSH. Data are the results of three independent biological 
replicates, with three technical replicates for each, and are represented as mean ± SD. *: p = .0178 between ctrl and cells stimulated at 0.36x103 ng/ml at 4h; *: p =
.0489 between 0.36x103 ng/ml and cells stimulated at 1.8x103 ng/ml at 8h (B).
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and CDVs in men and women with pathologically high FSH plasma 
concentrations, such as menopause and primary hypogonadism.

It is well known that CVDs are a leading cause of death and the 
burden of CVDs has continued to increase drastically in last decades. 
Considering that most of CVDs risk factors can interfere with endothelial 
functionality (Widmer and Lerman, 2014), it is believed that most of 
CVDs arises from endothelial dysfunction (Sun et al., 2020). Endothe-
lium is a monolayer of cells constituting the inner cell layer of blood 
vessels. It is one of the largest endocrine organ, regulating vascular tone 
and maintaining vascular homeostasis through several factors, including 
NO (Krüger-Genge et al., 2019). However, the complex mechanisms 
underlying endothelial dysfunction are still not completely understood. 
Vascular ageing is associated with endothelial dysfunction (El Assar 
et al., 2012) and it is significantly accelerated in the late 
peri-menopausal period (Moreau and Hildreth, 2014). Although oes-
trogens have clear roles on endothelium, the decline of endothelial 
function begins when estrogenic levels are still sufficient to protect 
endothelium, but FSH levels rise sharply (Moreau, 2018). Similarly, 
although testosterone has known physiological effects on the cardio-
vascular system (Di Lodovico et al., 2022), men with subclinical 

hypogonadism, characterized by normal levels of testosterone with high 
levels of gonadotropins, are still at increased risk of CVDs and endo-
thelial dysfunction. The findings of our studies, although performed in 
vitro on cell lines, might therefore suggest for a role of pathologically 
high FSH plasma concentration in the pathogenesis of endothelial 
dysfunction and CVD risk, at least in these clinical conditions. Inter-
estingly, a study has suggested that FSH could promote atherosclerosis 
in postmenopausal women (Li et al., 2017).

Interestingly, potential roles of FSH in other extragonadal tissues 
have been suggested in last years after the identification of FSH receptor 
in different tissues, such as the bone (Sun et al., 2006) and adipose tissue 
(Liu et al., 2017). Notably, low bone mass with osteoporosis and visceral 
adiposity are typical hallmarks of menopause and hypogonadism, and 
the FSH pathway is under investigation as a potential drug target in 
these conditions (Zaidi et al., 2018).

We found that the main pathways activated by FSH in HUVEC cells 
are related to Ca2+ and NO. In particular, the increase in [Ca2+] i de-
pends on the opening of IP3-sensitive calcium channels in intracellular 
stores and not on the entry through transmembrane calcium channel. 
The flux of this ion could determine NO production after FSH 

Fig. 5. Tube-forming assay in HUVEC untreated (CTRL) and treated with rhFSH at increasing concentrations (ranging from 0.36 x 103 ng/ml to 11 x 103 ng/ml). 
Phase contrast images show the effects of rhFSH on HUVECs. Representative photomicrographs were taken at different time points (0h, 4h and 8 h). Scale bar 200 μm 
(10X magnification) (A). A one-way ANOVA test was performed, and the graphs show parameters used to evaluate the difference between CTRL and treated cells. 
Data are the results of three independent biological replicates, with three technical replicates for each, and are represented as mean ± SD. Meshes: *: p = .0145 
between ctrl and cells stimulated at 0.36x103 ng/ml; #: p = .0295 between ctrl and cells stimulated at 1.8x103 ng/ml; **:p = .003 between ctrl and cells stimulated at 
3.6x103 ng/ml; §§:p = .0099 between ctrl and cells stimulated at 11x103 ng/ml; Junctions: #: p = .05 between ctrl and cells stimulated at 3.6x103 ng/ml; *: p = .0143 
between 0.36x103 ng/ml and cells stimulated at 3.6x103 ng/ml; Master Junctions: *: p = .0282 between ctrl and cells stimulated at 3.6x103 ng/ml; Master Segments: 
**: p = .0013 between ctrl and cells stimulated at 3.6x103 ng/ml (B).
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stimulation, through increased nuclear translocation of NFAT1, result-
ing in eNOS transcription and activation.

Since NO is a known factor involved in the maintaining of vasodi-
lator tone, it is considered a protective factor. However, González et al. 
(2003) have suggested that this molecule could modify the organization 
of VE-cadherin complex in mouse (González et al., 2003). VE-cadherin is 
a transmembrane protein and component of endothelial adherens 
junctions and it is the most prominent member of the cadherin family 
expressed in all types of endothelial cells (Bazzoni and Dejana, 2004). A 
functional VE-cadherin is essential to promote cell-cell adhesion, pre-
serving thus endothelial barrier function (Gavard, 2013). Therefore, 
altered expression or localisation of this protein may compromise 
endothelial integrity. After stimulation with rhFSH, we found that 
adherens junctions were not so tightly together between cells due to an 
abnormal VE-cadherin distribution. This intriguing finding might sug-
gest that high FSH elicits, through its receptor, a signalling that could 
compromise the endothelial membrane. It is well-known indeed that the 
expression and organization of proteins composing tight and adherens 
junctions are fundamental for the maintaining of endothelial cell ho-
meostasis (Bazzoni and Dejana, 2004). Therefore, anomalies in 
VE-cadherin may affect severely the endothelial barrier. Furthermore, 
our study has highlighted an increased membrane permeability after 
stimulation with high dose of FSH, further suggesting the hypothesis 
that pathological FSH levels could compromise endothelial integrity.

Although we hope that the findings of our study stimulate the 
research on the vascular effect of FSH with potential implications for the 
clinical management of subjects with high FSH, in vivo data are needed 
to confirm our preliminary experimental results. FSH activity is likely 
amplified in vitro. Therefore, clinical studies should be set up to monitor 
FSH effects on endothelial functionality in subjects with high FSH 
plasma levels and subjects with normal FSH during FSH treatment.
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