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RIASSUNTO 
 
 
 Gli ormoni tiroidei (THs) L-tiroxina (T4) e L-triiodotironina (T3) sono importanti regolatori 

nei processi di differenziazione, crescita e metabolismo, sia durante lo sviluppo che nell'organismo 

adulto. 

 Le azioni del T3 sono mediate dal suo legame con specifici recettori che possono traslocare 

al nucleo dove regolano l'espressione genica. Gli effetti non genomici o extranucleari dell'ormone 

tiroideo, mediati principalmente da T4, iniziano a livello della membrana plasmatica e non 

dipendono principalmente dall'interazione dell'ormone con i classici recettori nucleari (TRs). Negli 

ultimi anni, la scoperta dell'integrina αVβ3 come recettore di membrana per gli ormoni tiroidei 

incoraggia al riesame di questi ormoni come possibili modulatori delle attività immunitarie e delle 

cellule del sistema immune. Sono presenti degli effetti importanti dell'ormone tiroideo che 

sembrano essere rilevanti nell'infiammazione ed iniziano a livello dell'integrina αVβ3. 

 I dati del nostro laboratorio hanno mostrato che gli ormoni tiroidei inibiscono la migrazione 

indotta da MCP-1 nei monociti THP-1, mostrando proprietà anti-infiammatorie. Queste 

informazioni ci hanno spinto a studiare la capacità degli ormoni tiroidei di modulare le attività 

immunitarie nelle cellule della microglia BV-2, le cellule immunitarie nel sistema nervoso centrale. 

In queste cellule, sono stati studiati principalmente gli effetti degli ormoni tiroidei mediati dai 

recettori nucleari, mentre noi abbiamo focalizzato la nostra attenzione sugli effetti extranucleari 

mediati da αVβ3. 

 Pertanto, l'obiettivo principale del mio dottorato in questi 3 anni è stato quello di studiare se 

gli ormoni tiroidei e i loro analoghi possano modulare alcune delle risposte tipiche delle cellule del 

sistema immunitario anche nelle cellule murine della microglia BV-2 e il possibile ruolo 

dell'integrina αVβ3. 

 Prima di tutto abbiamo misurato l'espressione dell'integrina mediante analisi di citometria a 

flusso e microscopia confocale. I risultati mostrano che l'integrina αVβ3 è molto più espressa nella 

microglia, rispetto ai monociti. Abbiamo poi condotto esperimenti di migrazione cellulare mediante 

il saggio del wound healing insieme a curve di proliferazione, test di citotossicità e determinazione 

delle ROS mediante la sonda fluorescente intracellulare DCFH-DA. 

 È noto che l’ormone tiroideo è in grado di modulare l’azione di fattori di crescita come EGF, 

TGF-α e IGF-1. Precedenti esperimenti dal nostro laboratorio hanno dimostrato che gli ormoni 

tiroidei sono in grado di interagire con i fattori di crescita. Al fine di caratterizzare la microglia BV-

2 e la loro possibile risposta agli ormoni tiroidei, abbiamo condotto esperimenti di proliferazione 



 
 

 
 

2 

cellulare indotti dal fattore di crescita IGF-1, poiché l'integrina αVβ3 è un suo co-recettore e il suo 

effetto è già stato studiato in precedenza in altre linee cellulari, come i mioblasti L6 da muscolo 

scheletrico di ratto e i monociti leucemici umani THP-1. Le curve di proliferazione sulle cellule 

BV-2 stimolate con IGF-1 sono state eseguite sia in presenza che in assenza degli ormoni tiroidei. 

Gli ormoni tiroidei sono in grado di inibire la proliferazione cellulare indotta da IGF-1, ma questo 

effetto inibitorio viene completamente annullato in presenza di inibitori dell’integrina. Lo studio 

della trasduzione del segnale mediante specifici inibitori ha mostrato che l’effetto inibitorio 

dell’ormone tiroideo sulla proliferazione indotta da IGF-1 e mediato dalla MAPK. 

 La migrazione cellulare e la guarigione delle ferite dipendono fortemente dalla produzione 

di citochine e dalle specie reattive dell'ossigeno (ROS), dall'ossido nitrico (NO) e dai loro derivati. 

La capacità dell’ormone tiroideo di generare ROS è stata valutata anche nella microglia mediante 

l’uso della sonda fluorescente DCFH-DA. La produzione di ROS, indotte da T4, veniva ridotta in 

presenza di inibitori dell'integrina αVβ3 come abbiamo già riportato nei monociti THP-1. E’ stato 

ipotizzato un possibile crosstalk tra l’integrina αVβ3 e la NADPH ossidasi associata alla membrana 

plasmatica, ma ad oggi non è stato ancora confermato. 

 Il processo di guarigione delle ferite è stato studiato mediante il saggio wound healing. E’ 

stato  creato  un  taglio  (scratch)  nel monostrato cellulare con   un   puntale   sterile   per   pipette. 

Successivamente le cellule BV-2 sono state stimolate con LPS, T3 e T4 per 24 ore con e senza gli 

inibitori dell'integrina αVβ3: il tripeptide RGD e l’acido tetraiodotiroacetico (tetrac) un metabolita 

dell’omone tiroideo che funge anche da sonda per l’integrina αVβ3. Gli ormoni tiroidei a 

concentrazioni fisiologiche sono in grado di ridurre l'invasione indotta da LPS. L’utilizzo degli 

inibitori come RGD e tetrac non annulla l’effetto dell’ormone, come ci si aspetterebbe, ma al 

contrario lo potenzia. Questo insolito effetto era già stato osservato anche nei monociti THP-1. 

 Recentemente, è stato osservato che il bisfenolo A (BPA), un monomero presente nelle 

materie plastiche, lega l'integrina αVβ3 ed agisce come interferente endocrino comportandosi come 

antagonista dell’ormone tiroideo. Abbiamo quindi esaminato, in un ampio intervallo di 

concentrazione, l'effetto del BPA in vitro sulla linea cellulare THP-1. I risultati preliminari 

mostrano che nella migrazione indotta da MCP-1, il BPA a tutte le concentrazioni testate è in grado 

di imitare gli effetti degli ormoni tiroidei e inibire la migrazione, ma al momento non siamo in 

grado di confermare se questa inibizione è mediata dalla interazione tra BPA e l’integrina αVβ3. 

 In conclusione, i risultati della mia tesi mostrano per la prima volta che nelle cellule murine 

della microglia BV-2 l’effetto dei chemioattrattanti (LPS e IGF-1) modula l’espressione 

dell’integrina αVβ3, la migrazione cellulare e la proliferazione in modo simile a quello che abbiamo 
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già visto nelle THP-1 e gli ormoni tiroidei, principalmente il T4, sono in grado di annullare i loro 

effetti, comportandosi come agenti anti-infiammatori. 
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SUMMARY 
 
 
 The thyroid hormones (THs) L-thyroxine (T4) and L-triiodothyronine (T3) are essential 

regulators of development, differentiation, growth and metabolism, both in the developing and the 

adult organism. The actions of T3 are mediated by its binding to specific receptor proteins that may 

translocate to the cell nucleus where they regulate gene expression. Non-genomic or extranuclear 

effects of thyroid hormone, mediated principally by T4, are initiated at the plasma membrane and do 

not depend primarily on the interaction of the hormone with classical nuclear receptors (TRs). In the 

last years, the discovery of integrin αVβ3 as a plasma membrane receptor for THs encourages 

reconsideration of these hormones as a possible modulators of immune activities and cells of the 

immune system. There are important effects of TH that appear to be relevant to inflammation and 

start at the integrin αVβ3. 

Data from our laboratory showed that THs inhibit the migration induced by chemokine in 

THP-1 monocytes, showing anti-inflammatory properties. All this information prompted us to study 

the capability of THs to modulate immune activities in the BV-2 microglia, the resident immune 

cells of the CNS. In these cells, in fact, the effects of THs have been studied mainly as to the 

nuclear effects, whereas we focused our attention to the extra-nuclear effects of THs possibly 

mediated by αVβ3. 

 Therefore, the main goal of the three years PhD is to study whether THs and their analogues 

might be able to modulate responses typical of immune cells also in murine BV-2 microglial cells 

and the possible role of integrin αVβ3. 

 First we evaluated the expression of the integrin by flow cytometry analysis and by confocal 

microscopy. Results show that the integrin αVβ3 shows a high expression in murine microglia, 

higher than in THP-1 leukemic monocytes. We carried out experiments of cell migration by wound 

healing together with proliferation curves, cytotoxicity assay by MTT and ROS determination by 

the intracellular fluorescent probe DCFH-DA.  

 TH is known to be able to modulate the actions of growth factors such as EGF, TGF-α and 

IGF-1. Previous experiments from our laboratory have shown that THs are able to crosstalk with 

growth factors. In order to characterize BV-2 microglia and their possible response to THs, we 

carried out experiments of cell proliferation stimulated by a growth factor, IGF-1, since integrin 

αVβ3 is a co-receptor and its effect has been already studied with and without THs in different 

cells, L6 myoblasts from rat skeletal muscle and THP-1 human leukemic monocytes. The 

proliferation curves of BV-2 cells induced by IGF-1 were carried out both in the presence and 

absence of THs. THs are able to inhibit the proliferation stimulated by IGF-1 and inhibitors of the 
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integrin fully reverted the inhibitory effect of the hormone. Inhibitors of the transduction signaling 

show that the effect of TH on IGF-1-stimulated proliferation is mediated by the MAPK pathway. 

 Transmigration and wound healing are strongly dependent on cytokines production and 

reactive oxygen species (ROS), nitric oxide (NO) and derived products. The capability of THs to 

give rise to ROS was assessed also in microglia by the fluorescent probe DCFH-DA. ROS induced 

by T4, were blocked by the inhibitors of integrin αVβ3 as reported in THP-1 monocytes. A possible 

crosstalk of integrin  αVβ3 with the plasma membrane NADPH oxidase can be hypothesized, but at 

present has not been verified. 

 The wound healing was carried out by a scratch assay. Confluent BV-2 monolayer were 

scraped to form a wound. Cells were stimulated with LPS, T3 and T4 for 24 hours with and without 

the inhibitors of integrin αVβ3: RGD peptide and tetraiodothyroacetic acid (tetrac) a metabolite of 

TH and a probe for integrin αVβ3. THs at physiological concentrations were able to prevent the 

invasion induced by LPS. The inhibition was not reverted by the use of RGD or tetrac, as expected, 

but in some cases was potentiated. This unusual effect was already observed in THP-1 monocytes. 

 Recently, it was shown that bisphenol A (BPA), a monomer of plastic materials, binds 

integrin αVβ3 interfering with the actions of THs as a hormone antagonist. We then examined, over 

a wide concentration range, the effect of BPA exposure in vitro on the THP-1 human cell line. 

Preliminary results on the migration induced by MCP-1 show that BPA at all concentrations tested 

was able to mimic the effects of thyroid hormones and inhibit the migration induced by MCP-1, but 

at present we are not able to confirm that this inhibition is mediated by interaction between BPA 

and αVβ3 integrin. 

 In conclusion, the results of my thesis show for the first time that BV-2 murine microglial 

cells give a response to chemoattractants (LPS and IGF-1) evaluated as expression of integrin 

αVβ3, cell migration and proliferation similar to that found in THP-1 and THs, mainly T4, are able 

to inhibit it, indicating that THs also in these cells behave as anti-inflammatory agents. 
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1. INTRODUCTION 
 

1.1 Integrins 
1.1.1 Structure and function 

Integrins are a family of cell surface receptors expressed in all multicellular organisms and 

different cell types, that mediate adhesion to a wide range of ligands present within the extracellular 

matrix or on the surface of opposing cells. Integrin activation controls extracellular matrix 

assembly, thereby contributing to processes such as angiogenesis, tumor cell metastasis, 

inflammation, the immune responses and homeostasis (Ruoslahti, 1999; Allen et al., 2002; Hynes, 

2002). In addition, integrins also play key roles in the assembly of the actin cytoskeleton as well as 

in modulating signal transduction pathways that control biological and cellular functions including 

cell adhesion, migration, proliferation, cell differentiation and apoptosis (Schwartz et al., 1995; 

Geiger and Yamada, 2011). Structurally, integrins exist as two noncovalently bound α and β 

subunits, which pair to form heterodimers. There are 18α and 8β known subunits which combine to 

form at least 24 distinct integrin heterodimers (Hynes, 2002). Structurally, the largest part of the 

integrin heterodimer receptor is ligand binding globular extracellular domain. Both α and β subunits 

also have a single transmembrane domain and short cytoplasmic tail. Although short, the integrin 

tails are known to associate with many proteins and also with the cell cytoskeleton (Figure 1). Thus, 

integrins function as a linker between ECM and the cell body (Campbell and Humphries, 2011). 

Mice that lack integrin expression either constitutively or in specific cell types exhibit a wide range 

of phenotypes. These knockout mice have provided much insight into the functions of specific 

integrin heterodimers, reflecting the unique roles of the various integrins. In general, each of the 24 

integrins has a specific, nonredundant function (Chen and Sheppard, 2007). 

 
 Figure 1. The basic structure of the integrin, a cell surface protein receptor (Eslami, 2005). 
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Each heterodimer pair has a preference to bind specific extracellular matrix (ECM) proteins or cell 

surface ligands. Based on ligand specificity, integrin heterodimers can be classified to four main 

families: collagen, RGD (arginine-glycine-aspartic acid motif), laminin and leukocyte-specific 

receptors (Barczyk et al., 2010) (Figure 2). 
 

 
Figure 2. Different pairs of integrin heterodimers and their ligands (Hynes, 2002). 

Depending on the cell type, integrins can be either basally activated as with most adherent 

cells that are attached to a basement membrane, or basally inactive as with platelets or leukocytes 

that freely circulate until activated to undergo platelet aggregation or mediate an inflammatory 

response, respectively. The function of integrins is regulated by activation and inactivation of the 

receptor complex. Integrin activation involves a large conformational change mainly in the 

extracellular domain and since integrins have only short cytoplasmic tails the signalling processes 

are carried out by intracellular tail binding proteins. 

In the model of outside-in signalling the extracellular ligand binding results in activation of the 

receptor. The activation leads to conformational change, tail separation and allows cytoplasmic 

regulators bind the tails. Ligand binding also clusters the integrins together to form multimeric 

complexes of several heterodimers. On the other hand, integrins can also be activated from inside of 

the cell. The inside-out signalling is triggered by an intracellular activator such as talin or kindlin 

that bind to the β tail. Talin binding results in a conformational change that increases the integrin 
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affinity towards extracellular ligands (Shattil et al., 2010). In the “switch-blade” model integrins 

change their conformation upon activation. Integrin receptors are either in a bent or extended 

conformation and the headpiece (ligand binding domain) is either closed or open (Takagi et al., 

2002; Luo et al., 2007). Integrin receptor conformation fluctuates between different conformation 

states that can be (Figure 3): 

 

1) closed headpiece (bent). Low affinity. 

2) closed headpiece (extended). Intermediate affinity. Also called primed. 

3) open headpiece (extended). High affinity. Also called active or ligand-bound. 

 

 
Figure 3. Artistic view of different integrin receptor conformations during activation (Arjonen, PhD thesis). 

 

It is believed that in the bent conformation the ligand binding pocket is facing towards the plasma-

membrane and there is no room for ligand binding. Integrin extension would thus allow ligand 

binding to take place. In another controversial model of integrin activation called “deadbolt” also 

the bent conformation could bind the ligand (Xiong et al., 2003). 

Integrins themselves have no kinase activity but instead provide a connection between the 

extracellular matrix and the actin cytoskeleton. This connection allows integrins to regulate 

cytoskeletal organization and cell motility as well as to alter fluxes of many intracellular-signaling 

pathways. The extracellular domains can bind a variety of ligands, whereas the intracellular 



 
 

 
 

9 

cytoplasmic domains anchor cytoskeletal proteins. This linkage between the cell exterior and 

interior allows for bidirectional signaling across the plasma membrane. 

Integrin signaling is closely associated with the concept of “integrin activation” where rapid, 

reversible changes occur in the conformation of the extracellular domains and the relative 

positioning of the transmembrane and cytoplasmic domains of the integrin heterodimer (Tadokoro 

et al., 2003; Shattil et al., 2010; Su et al., 2016). These conformational changes increase the ligand 

binding affinity of the integrin and initiate integrin signaling (Shattil et al., 2010). Integrins are able 

to transduce signals intracellularly following ligand binding (“outside-in” signaling). However, 

unlike most other cell receptors, integrins can shift between high- and low-affinity conformations 

for ligand binding (“inside-out” signaling). During inside-out signaling, activator proteins such as 

talins and kindlins bind to the β-integrin cytoplasmic tail, leading to a conformation shift in the 

integrin dimer that results in higher ligand binding affinity. Functionally, inside-out signaling can 

control the adhesion strength and modify cell migration behavior (Shattil, 1999; Takagi et al., 2002; 

Shen et al., 2012). 

Since their discovery approximately 20 years ago, significant progress has been made in the 

integrin biology field that has resulted in a greatly improved understanding of their structure and 

function. 

 
1.1.2 Integrin αVβ3 

The αVβ3 is a member of the integrin superfamily of adhesion proteins. This class of 

receptors was named in 1986 by Hynes to emphasize their role in integrating the intra- cellular 

cytoskeleton with the external milieu. The term “vitronectin receptor” was first applied to αVβ3 as 

it bound the plasma protein vitronectin; it was first purified from placenta and defined as a 

vitronectin receptor by Pytela in 1985, and cloned and sequenced by Suzuki in 1986. Its name is a 

misnomer, as it clearly is not selective for vitronectin or its sole receptor (Pytela et al., 1985; Suzuki 

et al., 1986; Hynes, 1992). 

αVβ3 is the most abundant integrin expressed in mammalian cells (Humphries, 2000). The 

site of highest expression in vivo is the osteoclast. Lower levels are also seen in platelets and 

megakaryocytes, kidney, some vascular smooth muscle, endothelium and placenta. αVβ3 is up-

regulated in certain pathologies, such as malignant melanoma, and in numerous in vitro cultured 

adherent cell lines (Horton, 1997). Integrin αVβ3 has diverse roles in several distinct processes, 

such as osteoclast-mediated bone resorption, angiogenesis, pathological neo-vascularization and 

tumor metastasis (Wilder, 2002). For angiogenesis, αVβ3 appears to be the most important one 

among all the integrins (Brooks et al., 1994; Kumar, 2003). 
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 αVβ3, originally described as the vitronectin receptor, is one of the most promiscuous 

integrins. It binds to a variety of plasma and extracellular matrix (ECM) proteins including 

vitronectin, fibrinogen, fibronectin, von Willebrand's factor, thrombospondin, osteopontin and bone 

sialic protein 1 (Denis et al., 1993; Sonnenberg, 1993; Krutzsch et al., 1999). It has also been 

reported to serve as a receptor for adenovirus, foot and mouth disease virus, coxsackievirus A9, and 

hantaviruses (Wickham et al., 1993; Neff et al., 1998; Triantafilou et al., 2000). It binds to tat (a 

regulatory protein from HIV), fibroblast growth factor 2 and a fragment from the disintegrin 

ADAM-15, suggesting roles in the control of soluble factors as well (Rusnati et al., 1997; Barillari 

et al., 1999; Nath et al., 1999). In addition to interacting with a number of ECM proteins, integrin 

αVβ3 has been shown to be associated with metalloproteinase MMP-2, activated PDGF, insulin and 

VEGF receptors, facilitating the optimal activation of cell proliferation, invasion and preventing 

apoptosis (Kumar, 2003). Most of these protein ligands encode an RGD (Arg-Gly-Asp) sequence 

that is presumed to represent the binding site for αVβ3 (Liu et al., 2008) (Figure 4). More 

importantly, the inhibition of αVβ3 integrin activity by monoclonal antibodies (mAbs), cyclic RGD 

peptide antagonists, and peptidomimetics has been shown to induce endothelial cell apoptosis 

(Meerovitch et al., 2003) and to inhibit angiogenesis (Kumar, 2003). 

 
Figure 4. Crystal structure of αVβ3 with αV (green) and β3 (cyan). Also shown is the RGD cyclic peptide 
(violet) (Xiong et al., 2002). 

Interestingly, αVβ3 has been shown also to mediate cell-cell interaction by binding to the 

membrane-associated glycoproteins of the immunoglobulin superfamily, CD31/PCAM-1 and the 

L1 adhesion molecule, the latter via an RGD sequence in one of its immunoglobulin domains 
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(Buckley et al., 1996; Ebeling et al., 1996). In addition, αVβ3 was demonstrated to bind an RGD 

sequence in the adenoviral penton base coat protein (Wickham et al., 1993). These latter findings 

suggest that this receptor may mediate a wide range of physiological and pathological processes. 

 

1.1.3 Binding by the integrin αVβ3 of thyroid hormones and analogues 
In the last years, several studies have identified the integrin αVβ3 as the membrane receptor 

also for thyroid hormones in normal tissues, but also in several types of cancer cells (Yalcin et al., 

2010, 2013; Mousa et al., 2012; Lin et al., 2016; Gionfra et al., 2019). Small molecules have not 

been previously seen to be ligands of the integrin (Plow et al., 2000), and because the principal 

ligands of the integrins are proteins, the concept that a receptor for a small molecule like thyroid 

hormone existed on integrin αVβ3 was surprising, if not heretical. Subsequently, however, it has 

been appreciated that receptors for the stilbene, resveratrol (Lin et al., 2006, 2011, 2019) and for 

dihydrotestosterone (DHT) (Lin et al., 2009a) are present on αVβ3. 

Evidence suggesting that a cell surface receptor site for thyroid hormone existed on an 

integrin accumulated from several sources before identification of the receptor on integrin αVβ3. 

However, in a series of studies published a decade or more before integrin αVβ3 was shown to bear 

a thyroid hormone receptor, Lin and collaborators showed that tetraiodothyroacetic acid (tetrac), a 

deaminated derivative of L-thyroxine (T4), inhibited certain thyroid hormone actions, the onset of 

which was sufficiently rapid to exclude participation of nuclear Thyroid Receptors (TR) and gene 

expression or transcription (Mylotte et al., 1985; Lin et al., 1998, 1999a; Davis et al., 2000). 

The thyroid hormone-binding site on integrin αVβ3 is located near this RGD recognition site 

and comprises two distinct domains that are related neither structurally nor functionally to TRs 

(Cody et al., 2007a; Lin et al., 2009). In order to understand how thyroid hormones and analogues 

interact with integrin αVβ3, models of their potential interactions were carried out (Cody et al., 

2007a). In the case of tetrac-binding, the acetic acid moiety was mapped to that of Asp in the RGD 

cyclic peptide. In this model, most of the hormone interactions are with the βA domain of the 

integrin. Similar models were made with T4 and T3, and with the stilbene, resveratrol, and estradiol. 

These modeling data indicated that there was sufficient space in the cavity for the hormones to bind 

(Xiong et al., 2002). In the case of the more planar steroid-like molecules, the modeling data 

indicate a second, smaller binding pocket present near the RGD recognition site (Cody et al., 

2007a). The binding site S1 exclusively binds T3 and causes activation of the phosphoinositide 3-

kinase (PI3-K) cascade, while S2 binds both T3 and T4 and results in MAPK (ERK1/2) pathway 

activation (Lin et al., 2009) (Figure 5). Thus, in contrast to the TR/thyroid hormone axis, both T4 

and T3 act as active hormones at the integrin receptor. In fact, as the affinity for T4 is far higher than 
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that for T3, and lies in the physiologic concentration range that is comparable to the T3 affinity for 

nuclear receptors, T4 may well be the main hormone signalling at the integrin, thus transcending its 

role of pro-hormone for T3 (Davis et al., 2013). Tetrac binds to both thyroid hormone-binding sites 

on the integrin and is a specific inhibitor of integrin-mediated thyroid hormone action (Wu et al., 

2005; Mousa et al., 2006c). 

 
Figure 5. Two hormone-binding sites: S1 and S2 are proposed within the iodothyronine receptor domain on 
integrin αVβ3. T3 interacts with S1 to activate the PI3-K signal transduction pathway and T3-initiated action 
at S1 is inhibited by tetrac and the RGD peptide. T4 and T3 both bind to S2 to activate ERK1/2 and this effect 
is blocked by both tetrac and RGD peptide, but the action of T3 on S2 is inhibited only by tetrac. This may 
reflect allosteric changes in the integrin site that are distinctive for the liganding of T3 and T4 (Lin et al., 
2009b). 
 

To more quantitatively model potential interactions of αVβ3 integrin with thyroid hormone 

(T4, T3) and the analogue tetrac, molecular docking experiments using quantum chemical 

calculations (QM/MM) were carried out in the presence of Ca2+ or Mg2+ near the RGD recognition 

site (Cody et al., 2007b), as observed in their crystal structures (Xiong et al., 2002). These 

computational results indicated a strong electronic contribution to the binding energies by the 

presence of Ca2+ or Mg2+ near the active site that impacts ligand-binding. These computational 

results showed that the preferential binding of T4 and tetrac to the RGD recognition site was similar. 

Computational data reveals that the phenolic ring of T3 (T3-Ca2+) occupies an alternate binding 

pocket near the RGD peptide site. These data support the binding kinetics data that are consistent 

with the presence of two discrete binding sites for T3 that control distinct downstream signal 

transduction pathways (Davis et al., 2011). 
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Integrin αVβ3 is known to transduce signals via mitogen-activated protein kinase (MAPK) 

(Illario et al., 2005; Rucci et al., 2005). Thyroid hormone has been shown in a variety of human cell 

lines to activate MAPK (ERK1/2) (Davis et al., 2005, 2006; Mousa et al., 2005, 2006a) and it is 

now appreciated that such activation is integrin-dependent (Bergh et al., 2005). Cellular events 

consequent to activation of MAPK by thyroid hormone include angiogenesis and tumor cell 

proliferation (Bergh et al., 2005; Davis et al., 2006). Also intracellular protein trafficking can be 

regulated from the thyroid hormone receptor on αVβ3. For example, nuclear import of TRβ1 that is 

resident in cytoplasm is stimulated by thyroid hormone; the hormone-induced TR trafficking 

requires phosphorylation of TR by MAPK (Davis et al., 2000, 2008; Lin et al., 2003) and uptake of 

TR by the nucleus probably occurs with the receptor in a complex with the kinase in thyroid 

hormone-treated cells (Davis et al., 2008; Cao et al., 2009). Estrogen receptor-α (ERα) is similarly 

caused to move into the nucleus from the cytoplasm by αVβ3-mediated thyroid hormone action. 

Signal transducer and activator of transcription-1α (STAT1α) is involved in the conversion of 

cytokine signals into cellular actions and its nuclear uptake is also promoted non-genomically by T4 

via the integrin. The potentiation by thyroid hormone of the STAT1α-dependent action of 

interferon-γ on HLA-DR expression may be a function of the effect of the hormone on the 

trafficking of STAT1α (Lin et al., 1998). Like TR, ERα (Tang et al., 2004) and STAT1α (Lin et al., 

1998) are both subject to phosphorylation of specific serines by MAPK (extracellular regulated 

protein kinase 1/2, ERK1/2). Other proteins whose shuttling into the nucleus occurs under the 

direction of thyroid hormone include the oncogene suppressor protein, p53 (Shih et al., 2001), 

STAT3 (Lin et al., 1999b), Trip230 (Chen et al., 1999) and the internalized αV monomer. The 

insertion of Na, K-ATPase protein into the lung alveolar cell plasma membrane is induced non-

genomically by thyroid hormone and involves PI3-K (Bhargava et al., 2007), a signal transducing 

enzyme that can be controlled from the cell surface by T3 at the αVβ3 receptor for the hormone (Lin 

et al., 2009b). 

Competition data reveal that RGD peptides block cell surface thyroid hormone-binding and 

cellular actions of the hormone (Bergh et al., 2005), suggesting that the thyroid hormone receptor 

site on the integrin is at or very near the RGD site (Davis et al., 2005) (Figure 6). 

Tetraiodothyroacetic acid (tetrac) is a deaminated analogue of L-thyroxine (T4) that is not an 

agonist at the integrin receptor site, but blocks thyroid hormone-binding at the integrin and inhibits 

the ability of thyroid hormone analogues to activate MAPK via this site (Bergh et al., 2005). 

Interestingly, tetrac can also inhibit the cellular effects of certain vascular endothelial growth factors 

that contain an RGD sequence and act via integrin αVβ3 on endothelial cells (Mousa et al., 2006b). 

That the RGD and hormone receptor sites can be functionally distinguished is shown also by the 
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ability of T4 and a vascular growth factor, FGF2, to act concurrently to activate MAPK in 

endothelial cells (Davis et al., 2004). This further supports the proximity proposed for hormone 

receptor and the RGD recognition sites. 

 
Figura 6. Model of interaction along the integrin αVβ3, T4 (light blue), tetrac (purple) and the RGD peptide 
(yellow) (Davis et al., 2005). 

 

1.2 Thyroid hormones 
1.2.1 Synthesis and effects on target tissues 
 The thyroid produces and releases two hormones, L-thyroxine (tetraiodothyronine, T4) and 

L-triiodothyronine (T3) (Figure 7). Iodine is an indispensable component of the thyroid hormones, 

comprising 65% of T4's weight, and 58% of T3's. The thyroid hormones (THs) are essential 

regulators of development, differentiation, growth and metabolism, both in the developing and the 

adult organism (Brent, 2012; Davis et al., 2018). 

 

 
Figure 7. Chemical structures of thyroid hormone analogues L-thyroxine (T4) and 3,5,3’-triiodo-L-thyronine 
(T3) (Lin et al., 2011). 
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The thyroid gland is part of the endocrine system and is responsible for producing and releasing 

THs into the bloodstream. Accordingly, TH concentrations determine the extent of hormonal 

regulation and generate downstream effects in peripheral cells. Classical regulation of the thyroid 

gland involves the hypothalamic-pituitary-thyroid axis, whereas low TH concentrations trigger a 

negative feedback that results in the release of both thyroid releasing hormone (TRH) from the 

hypothalamus and thyroid stimulating hormone (TSH) from the pituitary gland (Fekete and Lechan, 

2014; Ortiga-Carvalho et al., 2016). However, besides the capacity of the thyroid gland to produce 

the correct amount of THs, the periphery can modify the TH signal in time and space. Indeed, while 

plasma concentrations of TH are relatively stable, tissues can coordinate TH levels through the cell-

autonomous regulation of TH transporters, deiodinases and TH receptors (Gereben et al., 2008a). 

 The iodothyronine deiodinase family of selenoproteins is constituted by three enzymes, D1, 

D2, and D3. These enzymes are present in specific tissues, and regulate TH activation and 

inactivation (Dentice and Salvatore, 2011; Luongo et al., 2019). The differential expression of 

deiodinases enables close control of T3 and its prohormone, T4, by removing iodine moieties 

(“deiodination”) at different sites of the phenolic or tyrosylic ring of the THs (Gereben et al., 

2008b). 

 The essential role of thyroid hormones in tissue growth and development, both accompanied 

by metabolic and physiological maintenance, is well-understood (Cheng et al., 2010; Brent, 2012; 

Davis, 2012). Thyroid hormones play a crucial role in augmenting the metabolic rate of cells and 

tissues through the upregulation of protein synthesis and by the increase of mitochondria size and 

so, their bioenergetic function (Goglia et al., 2002). Among the consequences of such changes are: 

increase in oxygen, nutrient and glucose consumption (Davies, 1972), and organ system-specific 

changes, such as increases in blood pressure and heart rate and striated muscle contraction (Danzi 

and Klein, 2014; Salvatore et al., 2014). 

 Some of these events are regulated by non-genomic mechanisms that are initiated at the 

surface/plasma membrane of cells, through interactions of thyroid hormones with transmembrane 

proteins, for example, the integrin αVβ3 (Davis et al., 2005) or modified nuclear thyroid hormone 

receptors that function at the plasma membrane (Kalyanaraman et al., 2014). Long-term actions, on 

the other hand, require binding of thyroid hormones to nuclear receptors (TRs), that once activated, 

modulate transcription of many genes involved in a variety of functions (Cheng et al., 2010; Incerpi 

et al., 2016). The different modes of action may be coupled, and several reports have recently 

shown that several TH metabolites act accordingly (Moreno et al., 2008; Senese et al., 2014a, 

2014b; Gnocchi et al., 2016). 
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1.2.2 Non-genomic actions of thyroid hormones 
 In the 1970’s and early 1980’s, extranuclear (or non-genomic) effects of thyroid hormones 

were described by Sterling (Sterling et al., 1978, 1980) demonstrating that applications of T3, in low 

concentrations to isolated mitochondria, acutely enhanced adenosine triphosphate (ATP) production 

and oxygen utilization. Activity of thyroid hormone was also described on transporters and enzymes 

located at cellular membrane such as: Na+/K+ and Ca2+-ATPase, Na+/H+ exchanger, glucose 

transporters, ion channels and acetylcholinesterase (de Mendoza et al., 1978; Segal and Ingbar, 

1979, 1989; Galo et al., 1981; Davis et al., 1983; Incerpi et al., 1999; Scapin et al., 2009). 

Initially, the mechanisms by which thyroid hormones might influence cellular functions 

without activating nuclear TRs, were not clear. Explanations were offered about the existence of 

putative thyroid hormone receptor molecules on the plasma membrane that could trigger complex 

signal transduction inside the cell (Bergh et al., 2005; Davis et al., 2005). For example, 

phosphorylation of Ser-142 on TRβ1 isoform (Davis et al., 2000) and of Ser-118 on estrogen 

receptor-α (ERα) (Tang et al., 2004), were shown to be regulated by thyroid hormone acting at the 

cellular surface. A receptor that mediated these plasma membrane-initiated actions of thyroid 

hormone was found to belong to a structural protein of the membrane surface whose extracellular 

domain interacted with proteins of extracellular matrix (ECM). This membrane protein was integrin 

αVβ3 (Bergh et al., 2005; Davis et al., 2005). Acting at the thyroid hormone receptor on αVβ3, 

either T4 (in physiological concentrations) or T3 (in supraphysiological amounts), affected 

intracellular protein trafficking, activities of certain signal transducing kinases (MAPK and PI-3K) 

and phosphorylation of nuclear receptors; the latter included TR and ERα (Davis et al., 2016) 

(Figure 8). 

Useful probes in the studies of non-genomic actions included: T4-agarose (which does not enter the 

cell (Lin et al., 2009b; Scapin et al., 2009)), tetraiodothyroacetic acid (tetrac, a deaminated 

analogue of T4 that antagonizes thyroid hormone effects and which is thyromimetic inside the cell) 

and an antibody specific for integrin αVβ3 both acting at the cell surface receptor (Bergh et al., 

2005; Yoshida et al., 2012; Schmohl et al., 2019). Other studies have documented the existence of 

non-genomic actions of thyroid hormone, although it is not known yet whether the majority of these 

effects may be initiated at αVβ3 location (Davis et al., 2016). 

 Additional non-genomic actions of T4 and T3 include also the induction of actin 

polymerization turnover (transition from soluble to fibrous actin) and therefore the modulation of 

microfilament composition of the cell (Siegrist-Kaiser et al., 1990; Davis et al., 2016). T3 has no 

effects on the state of actin (Cheng et al., 2010; Davis et al., 2016). 
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Figure 8. Schematic representation of non-genomic cellular actions of thyroid hormones (Davis et al., 2008). 

 
1.2.3 Thyroid status and immune system: the crosstalk 

The critical regulation of the functions of the endocrine system is mediated by 

hypothalamic-pituitary-gonadal, -adrenal or -thyroid axes. Alternatively, the immune system can 

modulate hormonal release, either centrally from endocrine glands or peripherally from tissues or 

organs that are targets of the hormones. Solid experimental evidence documents the existence of 

neuro-endocrine and immune systems linkages that are bidirectional and in which hormones and 

cytokines represent the molecular players (Barreiro Arcos et al., 2006; De Vito et al., 2011, 2012). 

Interestingly, the sensitivity of immune cells to hormones and neurotransmitters (De Vito et al., 

2010, 2013), and of endocrine cells to several cytokines such as: interleukin-1 (IL-1), IL-6, IFN-γ 

and tumor necrosis factor-α (TFN-α), reflects the bilateral expression of hormonal and immune 

receptors, respectively (Klecha et al., 2000, 2008). The participation of T3 and T4 through MAPK 

pathway in the activation of STAT1α, as the last step in thyroid hormone-induced cytokine release 

(enhancing IFN-γ action), confers on these molecules an important role in the modulation of 

immune system (De Vito et al., 2012). 
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Previous reports indicate that alterations in TH levels can affect the immune system (De 

Vito et al., 2012). Abnormal thyroid hormone secretion-hyperthyroidism of several etiologies, 

autoimmune thyroiditis, hypothyroidism with or without autoimmune (Hashimoto’s) thyroiditis 

affects various immunological functions. In hyperthyroidism an increase of humoral and cellular 

immune responses was observed, compared to control patients (De Vito et al., 2011) (Figure 9). 

Opposite immune responses were found in hypothyroid patients (Klecha et al., 2008). However, in 

some cases, contrasting results have been reported and therefore it is difficult to establish a clear 

correlation between immune function and hyper- or hypothyroid conditions (Foster et al., 2000; 

Fabris et al., 2005; Marino et al., 2006). It appears to be of particular importance to study thyroid 

hormone-immune cell crosstalk during immune disease and immune pathophysiology because the 

hormone concentrations appear to be correlated with immunological reactivity (Hodkinson et al., 

2009). Recently, it has been shown that T3 can also control the activity of lymphocytes T involving 

the dendritic cells development and function (Alamino et al., 2019).  

 
 

 
Figure 9. Neuroendocrine and immune system crosstalk (De Vito et al., 2011). 
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A fascinating observation is that T and B lymphocytes can produce and release TSH. The source of 

this endocrine modulator from non-pituitary cells could explain how the immune system would be 

connected in the production of thyroid hormones, either in health or during immune disturbances, 

e.g., cellular stress, infections or inflammation (Klein, 2006). Initial reports of TSH and immune 

cells appeared more than 20 years ago (Kruger & Blalock, 1986; Smith et al., 1983). Bacterial 

toxins or in vitro TRH exposure enhances TSH production and release from leukocytes (Smith et 

al., 1983). Work form Blalock et al. showed that TSH induces a strong immunological response 

followed by antibody production, potentiating the phytohemagglutinin-mediated proliferation of 

lymphocytes (Blalock et al., 1984). In vivo experiments performed in mice lacking the pituitary 

gland and so unable to produce central TSH, showed a clear increase of thyroid hormones levels 

during inflammatory conditions (Bagriacik et al., 2001). 

On the other hand, impaired or unbalanced immunological response may be linked to low 

levels of thyroid hormone in the plasma, since TSH fluctuations might alter T3 and T4 release from 

thyroid gland. Moreover, infectious conditions indirectly influence thyroid hormones through the 

action of inflammatory molecules on hypothalamus, thus increasing the levels of T3 and T4 in the 

circulation and in turn minimizing the TSH action on thyroid. Such a mechanism lowers systemic 

energy expenditure during illnesses, offering an alternative pathway to HPT axis control, for central 

neuroendocrine-immune and metabolic adjustment in the body (Klein, 2006). 

Thyroid hormones are possibly involved in the regulation of vitamin D balance (Mackawy et 

al., 2013) and vice versa (Nettore et al., 2017). Vitamins C and D have been also recognized as key 

modulators of immune response (Baeke et al., 2010; Sorice et al., 2014) and recently low 

circulating vitamin D levels have been shown to be associated with hypothyroidism (Mackawy et 

al., 2013). Moreover, vitamin C is a well-known antioxidant molecule capable of reducing ROS 

activity increased by thyroid hormone via non-genomic actions, for example, during chronic 

inflammations (Incerpi et al., 2007). 

TSH production by T and B cells can be expected to affect normal and abnormal (cancer) 

thyroid cells that express the TSH receptor, but it may be noted that the TSH receptor is expressed 

by ovarian cancer cells (Gyftaki et al., 2014) and by normal extrathyroidal cells (hepatocytes, 

adipocytes, striated muscle cells) (Moon et al., 2016). TSH may be proinflammatory in any of these 

settings, since it is clear that this peptide hormone is capable of stimulating the production of 

endogenous inflammatory factors such as interleukin-6 (IL-6) and monocyte chemoattractant 

protein-1 (MCP-1) (Gagnon et al., 2014). 
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To provide detailed insights into the effects of THs and TSH on immune system functions, 

the next sections describe the effects of T3, T4 and TSH on various immune cell types, such as 

macrophages and microglia. 

 

1.2.4 Effects of thyroid hormones on immune system cells 
Macrophages are key immune system cells derived from monocytes in response to 

infections or to the accumulation of damaged or dead cells (Yang et al., 2014). Two distinct 

polarized activation states have been defined for macrophages: the classically activated (M1) 

macrophage phenotype and the alternatively activated (M2) macrophage phenotype. Classically 

activated (M1) macrophages act as effector cells in the TH1 cellular immune response, whereas 

alternatively activated (M2) macrophages appear involved in immunosuppression and tissue repair 

(Mosser, 2003) 

THs positively affect macrophage bactericidal effector functions, consequently improving 

wild-type mouse survival in a number of disease models, such as meningococcal infection (Chen et 

al., 2012). Specifically, when the RAW264.7 macrophage cell line is treated in vitro with T3 or T4 

for 24 hours before Neisseria meningitidis infection, this cell line can capture significantly more 

bacteria than untreated macrophages (Chen et al., 2012). Here, THs enhance iNOs-mediated nitric 

oxide production in a membrane receptor integrin αVβ3-dependent manner (i.e. via non-genomic 

stimulation) through pathways involving PI3-K and ERK1/2 (Chen et al., 2012). Mouse and human 

studies suggest that a T4-induced inhibition of the macrophage migration inhibitory factor (MIF) 

could improve the treatment of sepsis treatment (Bozza et al., 2004; Al-Abed et al., 2011). In 

greater detail, the MIF molecule contains a hydrophobic pocket important for many 

proinflammatory activities. Several small molecules can inhibit the catalytic activity of this pocket, 

thereby reducing MIF activity. The dose-dependent inhibitory effects of T4 on MIF and 

subsequently improved survival rates suggest a clinically relevant interaction between T4 and MIF 

(Al-Abed et al., 2011). 

Macrophages significantly contribute to immune system surveillance by sensing and 

adapting to local stimuli and microenvironment signals (Murray and Wynn, 2011). Regarding 

macrophage differentiation, T3 was recently shown in vitro to negatively contribute to the 

differentiation of bone marrow-derived monocytes into non-polarized macrophages (Perrotta et al., 

2014). T3 promotes the generation of M1 macrophages, even after the differentiation and activation 

of monocytes into M2 macrophages (Perrotta et al., 2014). Nevertheless, while T3 increases the 

number of resident macrophages in the peritoneal cavity, the THs can also reduce monocyte-derived 

cell recruitment (Perrotta et al., 2014). In an in vivo model of endotoxemia, as induced by 
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intraperitoneal lipopolysaccharide injection, T3 protects mice from developing endotoxic shock 

(Perrotta et al., 2014). While low T3 levels increase inflammatory cell recruitment into tissues, an 

opposite phenomenon occurs when T3 levels are restored (Murray and Wynn, 2011; Perrotta et al., 

2014). 

Microglia is another cell type with innate immune properties in central nervous system 

(CNS), which also can be modulated by THs (Lima et al., 2001; Noda, 2018). It has been reported 

that hypothyroid rat pups present defects in the morphology, microglial process formation and 

diminution in the number of these cells until the 3rd week after birth, as compared to controls. 

However, these defects could be reverted by the administration of T3 (Lima et al., 2001). In 

addition, in vitro microglial cultures showed that T3 can promote the survival and growth of the 

culture. In addition to modulating the microglial phenotype, the lack of T3 also affects the 

phagocytic capacity of these cells in vitro and in vivo, which is one of the principal functions of 

microglia in the CNS (Mori et al., 2015). Taking into account the microglial function modulation 

by THs, Perrotta et al. recently reported the role of T3 inducing the proliferation of malignant 

glioma cell line GL261, only through microglial cocultures. The cellular changes observed in 

microglia after stimulation with T3 (Perrotta et al., 2015) were an increase in the levels of pSTAT3 

pathway and the induction of CXCL9 and CXCL10 chemokine expression, which directly impacted 

on glioma cell line proliferation (Perrotta et al., 2015). 

These data suggest a novel homeostatic link between THs and the pathophysiological role of 

macrophages, thus providing new perspectives on interactions between the endocrine and immune 

systems. 

 

1.3 Bisphenol A 
1.3.1 BPA as thyroid-disrupting factor 

The endocrine system is composed of glands that secrete hormones produced in the body to 

regulate the activity of cells or organs. Hormones control growth, development, and reproduction as 

well as the electrolyte composition of body fluids and the metabolism of body (Hiller-Sturmhöfel 

and Bartke, 1998). According to European Union, Endocrine Disruptors (ED) are exogenous 

substances that cause adverse health effects in an intact organism, or its progeny, secondary to 

changes in endocrine function. Endocrine Disruptor Compounds (EDCs) regroup a large variety of 

substances such as those used in multiple industrial processes, including solvents/lubricants 

(polychlorinated biphenyls (PCBs)), plastics (bisphenol A (BPA) and phthalates), pesticides 

(dichlorodiphenyltrichloroethane (DDT)) or pharmaceuticals (such as estradiol (E2)) (Diamanti-

Kandarakis et al., 2009). 
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Recently, the potential influence of BPA on human health at environmentally relevant low-

dose has attracted much concern (Rochester, 2013; ECHA, 2015; EFSA, 2015; ANSES, 2018). 

BPA is known as 2,2-bis(4-hydroxyphenyl)propane, a phenol derivative composed of a rigid planar 

aromatic ring and a flexible nonlinear aliphatic side chain. BPA is mainly used as intermediate for 

the production of polycarbonate plastic, epoxyresin and other polymer materials, which has been 

widely used in food and beverage packaging materials (such as bottles) and liner, digital media 

(such as CDs and DVDs), automobile, electronic devices, sports safety equipment and medical 

instruments (such as dental sealants) (Jiao et al., 2008). In addition, a small amount of BPA is also 

used in the manufacture of phenolic resins, unsaturated polyester resins, thermal paper additive, 

flame retardants (such as tetrabromobisphenol A), heat and carbonless paper coating (ANSES, 

2013; ECHA, 2015; EFSA, 2015). 

A large number of in vivo and in vitro studies have indicated that BPA has adverse effects 

on the reproductive function, mammary gland development, cognitive function and metabolism 

(ANSES, 2018; Beausoleil et al., 2018). BPA is known to have mixed estrogen agonist/antagonist 

properties (Acconcia et al., 2015). In addition to its estrogenic activity, there is some evidence that 

BPA binds to TR, acting as a TH antagonist by preventing the binding of T3 (Moriyama et al., 

2002) (Figure 10). However, other studies have been unable to duplicate these results, finding that 

BPA does not competitively inhibit the binding of labeled T3 to the TR or induce TH-dependent 

production of growth hormone (GH) in GH3 cells (Kitamura et al., 2002, 2005). 
 
 

 

Figure 10. A proposed mode by which low concentrations of BPA suppress the TR transcription (Sheng et 
al., 2012). 
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In vivo studies examining the effects of low dose BPA on TH signaling have suggested that 

perinatally exposed rats have elevated T4 levels on postnatal day (PND) 15 and up-regulation of a 

TH responsive gene in the brain (Zoeller et al., 2005). Furthermore, perinatal exposure to low dose 

BPA in rats has been implicated in the abnormal brain development, characterized by hyperactivity 

and impaired cognition (Kubo et al., 2001; Carr et al., 2003). It was also observed in Medaka fish 

that the acceleration in embryonic development and time to hatch induced by BPA are blocked by a 

TR antagonist, suggesting that BPA is acting through a TH pathway (Ramakrishnan and Wayne, 

2008). However, the mechanisms associated with endocrine disrupting effects of low concentration 

BPA on the TH system are currently ill-defined and warrant further detailed investigation. 

Several studies have shown also that EDCs directly affect innate immune system. Ohnishi et 

al. showed also that some agrochemicals and resin-related chemicals could potentially inhibit 

macrophage function (Ohnishi et al., 2008). In addition, Roy et al. found that maternal exposure to 

BPA modulates innate immunity in adult offspring but not adaptive immune responses to influenza 

A virus infection in mice (Roy et al., 2012). Another work by Watanabe et al. showed that BPA 

enhances neutrophilic maturation of the leukocytes through estrogen receptor-independent pathway, 

suggesting that BPA affects the innate immunity of mammals (Watanabe et al., 2003). 

Epidemiological studies have also uncovered the possible link between EDCs and immune 

disorders; for example, the exposure to phthalates is associated with increased risks to develop 

allergies and asthma, even though the lack of accurate exposure information limits the interpretation 

(Kimber and Dearman, 2011). 

There is a growing number of studies that have evaluated the effects of BPA on immune 

responses with contradictory findings and little consensus (Rogers et al., 2013). For instance, 

lymphocyte proliferative responses have been reported to be either enhanced (Youn et al., 2002; 

Yoshino et al., 2003; Goto et al., 2004) or suppressed (Jontell et al., 1995; Yamazaki et al., 2000; 

Sakazaki et al., 2002) by BPA treatment. Moreover, some studies demonstrated that BPA exerted 

inhibitory effects on macrophage function by suppressing the production of nitric oxide and tumor 

necrosis factor alpha (Kim and Jeong, 2003; Byun et al., 2005). In contract, stimulatory effects of 

BPA on macrophage function were also reported as evidenced by increased production of nitric 

oxide and elevated expression of costimulatory molecules and MHCII (Hong et al., 2004; Kuan et 

al., 2012). In addition, the reported effects of BPA on humoral immune responses have been 

inconsistent, as some studies found enhancement of antibody responses by BPA treatment (Han et 

al., 2002; Yoshino et al., 2003; Yurino et al., 2004) while others showed no effects (Takahashi et 

al., 2002) (Figure 11). 
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The reported contradictory effects of BPA on immune responses can putatively be 

attributed, at least in part, to one or more of the following explanations: (1) differences in biological 

models spanning a variety of animal species, strains, and cell lines; (2) differences in 

concentrations/doses of BPA, duration of exposure, and developmental stages when the exposure 

occurs. In fact, many of the aforementioned studies were conducted using high BPA 

concentrations/doses that greatly exceed estimated exposure experienced by people (US Food and 

Drug Administration, 2017). Due to the above limitations, it has been challenging to establish a 

comprehensive immunotoxicological profile for BPA. 

 

 
Figure 11. Immunological effects of endocrine disrupting chemicals (EDCs). EDCs affect functions and 
lifespan of immune cells. Legend: ↑ - increase; ↓ - decrease; ↔ ↔ - no effect; ** - dose-dependent effect; # - 
sex-dependent effect. (Nowak et al., 2019). 
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2. AIM 

 
Non-genomic effects of thyroid hormones (THs) have been reported for many years and 

involve mainly the plasma membrane modulation of membrane transport systems, but also cytosolic 

responses. Bergh et al. in the 2005 identified a plasma membrane receptor for THs in the integrin 

αVβ3 with a downstream activation of MAPK pathway leading to angiogenesis and tumor cell 

proliferation. Integrin αVβ3 is an extracellular matrix protein involved in many physio-pathological 

processes and also a co-receptor for the Insulin-like growth factor -1 (IGF-1). In L6 myoblasts from 

rat skeletal muscle TH in the physiological range is able to inhibit responses to IGF-1 such as 

glucose uptake and cell proliferation. The effect is mediated by integrin αVβ3, since the RGD 

tripeptide, the disintegrin echistatin, tetrac, a metabolite of TH and a probe for the integrin αVβ3, 

the antibody for αVβ3 are able to prevent the inhibition by TH of IGF-1- mediated effects, both in 

short term and long-term, showing the crosstalk between non-genomic and genomic effects (Incerpi 

et al., 2014).  

In recent years it has been shown by several groups that there is a crosstalk between THs 

and immune system (Klein, 2006; De Vito et al., 2011, 2012). This comes mainly from 

observations that patients affected by hypo- or hyperthyroidism show alterations of the antibody 

responses, but not always in a predictable way, that is in hyperthyroid patients there is mainly and 

increased immune response, but not always. 

Dellacasagrande et al. showed that αVβ3 integrin and LPS are involved in the production of 

TNF-α in THP-1 leukemic monocytes stimulated by Coxiella burnetii (Dellacasagrande et al., 

2000). All this information prompted us to study in THP-1 human leukemic monocytes the 

possibility of the modulation of immune responses by TH through integrin αVβ3. It was found that 

THs are able to inhibit the migration induced by MCP-1 and the effect is mediated by integrin αVβ3 

(Candelotti, PhD thesis). 

The project of my PhD thesis has been the study of the capability of THs to modulate 

immune activities in the BV-2 microglia, the resident immune cells of the central nervous system 

(CNS). In these cells, in fact, the effects of THs have been studied mainly as to the nuclear effects, 

whereas we focused our attention to the extra-nuclear effects of THs possibly mediated by αVβ3. 

Recently, it was shown that bisphenol A (BPA), a monomer of plastic materials, binds 

integrin αVβ3 interfering with the actions of THs as a hormone antagonist (Moriyama et al., 2002). 

We then examined, over a wide concentration range, the effect of BPA exposure in vitro on immune 

cells in culture. 
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3. MATERIALS AND METHODS 
 
3.1 Cells in culture 

Human leukemic monocytes THP-1, from American Type Culture Collection (Rockville, 

MD, USA), were grown in a suspension containing RPMI-1640 medium with 10% FBS, 100 µg/ml 

streptomycin and 100 U/ml penicillin, in a humidified atmosphere of 5% CO2 at 37°C. These cells 

show a large, round, single-cell morphology. The THP-1 monocytes were passaged twice a week by 

1:8 dilutions and re-seeded in T25 culture flasks; only cells from passages n. 7-23 were used for the 

experiments (Pedersen et al., 2007; Lombardo et al., 2013). For differentiation of macrophages, the 

monocytic cells were grown for 24 hours in conditioned medium from THP-1 stimulated with 100 

nM PMA (Lombardo et al., 2013). 

The immortalized murine microglial cell line BV-2 was a kind gift from Dr. Tiziana Persichini 

(Università degli Studi Roma Tre, Rome, Italy). BV-2 cells, derived from primary murine 

microglial cells immortalized by transduction with v-raf and v-myc expressing J2 retrovirus (Blasi 

et al., 1990). The cells were maintained in the logarithmic phase of growth in Dulbecco's modified 

Eagle's medium supplemented with 10% FBS and antibiotics at 37°C in a humidified atmosphere of 

5% CO2. Confluent cultures were passaged twice a week by trypsinization and re-seeded in T25 

culture flasks. 
 

3.2 Flow cytometry analysis 
BV-2 murine microglia cells and THP-1 human leukemic monocytes (1x106 cells) were 

washed twice with PBS/BSA 5%, centrifuged and incubated with a rabbit anti-integrin αV + β3 

polyclonal antibody (diluted 1:50), for 30 min on ice. After washing twice, cells were further 

incubated with a goat anti-rabbit Alexa Fluor® 488 secondary fluorescent antibody (diluted 1:50); 

after 30 min on ice the integrin αVβ3 cell population fluorescence profile was acquired using a 

CytoFlex Flow Cytometer (Beckman Coulter). Unstained sample (autofluorescence) and a sample 

incubated with only secondary antibody were included as negative controls. 
 

3.3 Immunofluorescence 
BV-2 microglia cells and THP-1 leukemic monocytes were seeded in glass microscope 

slides and fixed with 4% formaldehyde, permeabilized and stained using the rabbit anti-integrin αV 

+ β3 polyclonal antibody (diluted 1:50). Nuclear DNA was counterstained with 5 µg/ml DAPI in 

PBS. A goat anti-rabbit cross-adsorbed Alexa Fluor® 546 was used as secondary antibody (diluted 
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1:250). Samples were observed with a CLSM Leica TCS SP5 attached to a Leica DMI6000 inverted 

microscope (Leica Microsystem). To analyze the fluorescence of the samples, laser wavelength 

Diode (405 nm) and HeNe (543 nm) were used. The confocal microscope was controlled by the 

Leica LAS software AF version 1.6.3 (Leica Microsystems). 
 

3.4 Long-term proliferation assay 
Cells were seeded in 60×15 mm Petri dishes with DMEM and stimulated with RGD, T4 and 

IGF-1 the day after the seeding. Cells were counted every 24 hours. The role of integrin αVβ3 on 

the proliferation of BV-2 cells was studied using RGD peptide (10 µM), tetrac (10 µM) and 

echistatin (100 nM) as integrin αVβ3 inhibitors. RGD peptide, tetrac and echistatin were pre-

incubated 20 min before adding T4 (100 nM) and IGF-1 (10 nM). Moreover, we studied PI3-K and 

MAPK pathways by the use of wortmannin (100 nM) and PD98059 (10 µM) were pre-incubated 20 

min before adding T4 and IGF-1. Cells were counted with an optical microscope with the Neubauer 

chamber after mild trypsinization (Incerpi et al., 2014). 
 

3.5 Intracellular ROS determination 
The method used was a standard assay based on the intracellular fluorescent probe DCF 

(Pedersen et al., 2007). For BV-2 cells, the medium was discarded and cells were washed twice 

with phosphate buffered saline (PBS) containing 5 mM glucose (PBS-glucose) at 37°C. Cells were 

gently scraped off with PBS-glucose and centrifuged at 1200 rpm for 5 min, the supernatant was 

discarded and the pellet re-suspended in PBS-glucose with a plastic Pasteur pipette. Incubation with 

the probe DCFH2-DA at a final concentration of 10 µM (from a stock solution of 10 mM in 

DMSO) was carried out for 30 min in the dark at 37°C. The cells were gently re-suspended every 

10 min; at the end of the incubation cells were washed twice, centrifuged at 1200 rpm for 5 min and 

the final cell pellet was re-suspended in PBS-glucose. Before the experiments cells recovered at 

37°C for 1 h in the dark. Intracellular fluorescence was measured with a LS-50B Luminescence 

Spectrometer (Perkin-Elmer, Norwalk, CT). Excitation and emission wavelengths were set at 498 

nm and 530 nm respectively, using 5 and 10 nm slits for the two light paths. Cells were suspended 

in PBS containing Ca2+ (1 mM) and Mg2+ (1 mM) under continuous gentle magnetic stirring at 

37°C; they were pre-incubated with the inhibitors of integrin αVβ3 for 30 min before the addition of 

hormone. Cumene hydroperoxide diluted in DMSO was used as radical generator (final 

concentration 200 µM); DMSO at the concentrations used did not affect the fluorescence signal. 

ROS production induced by THs and role of integrin αVβ3 was determined by the variation of 

intracellular DCF fluorescence, measured as ΔF/10 min, and calculated relative to the fluorescence 
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change induced by 200 µM cumene hydroperoxide alone (100%). None of the compounds tested 

gave rise to fluorescence on their own. 
 

3.6 Migration studies 
Migration experiments were carried out by the use of transwells (Corning) with an 8 µm 

polycarbonate membrane, 6.5 mm insert 24-wells plate with serum-free RPMI-1640 medium 

containing 0.2% BSA in both chambers, for 4 hours at 37°C. THP-1 cells (about 200.000 cells/well) 

were placed in the upper chamber with DMSO, BPA (10-5 M - 10-9 M) and MCP-1 (100 ng/ml) 

were added to the bottom chamber. All αVβ3 inhibitors were pre-incubated for 20 min at 37°C 

before starting the experiment. After 4 hours of incubation, at 37°C, cells migrated (from the upper 

part to the bottom part of the chamber) were counted with the Neubauer chamber (De Vito et al., 

2012). 
 

3.7 Scratch wound assay 
To analyze microglial migration we performed a scratch wound assay as previously 

described with minor modifications (Liang et al., 2007). The confluent BV-2 cell monolayer in 24-

well plates was scraped with a P200 pipette tip to create a wound, followed by a wash with serum-

free DMEM to remove debris and replaced with 1 ml serum-free DMEM to avoid proliferation and 

the FBS-mediated activation of the cells (Laurenzi et al., 2001). The cells were stimulated with LPS 

(1 µg/ml), RGD (10 µM), tetrac (10 µM), T3 (10-7 M - 10-9 M) and T4 (10-6 M - 10-8 M) for 24 

hours. To determine the migration of the cells, we acquired images at defined time points. Images 

were taken through a light microscope in a marked sector as reference point. Scratch widths were 

measured before the treatment and wound closure was calculated by dividing widths measured after 

incubation using ImageJ software. 
 

3.8 MTT assay 
Cell viability and the possible cytotoxic effect of THs and BPA were assessed by the MTT 

assay. BV-2 cells were seeded in 96-wells plates at 10.000 cells/well in 200 µl DMEM containing 

10% serum. The day after seeding the medium was discarded and 100 µl of new medium containing 

cumene hydroperoxide (200 µM), THs and BPA at different concentrations were added to each 

well. Then MTT solution (5 mg/ml in PBS) was added at the final concentration of 10% with 

respect to the total volume, and incubation was carried out at 37˚C for 3-4 hours in the dark. During 

the incubation, there was a conversion of the yellow MTT to purple formazan by the mitochondrial 

succinate dehydrogenase of living cells. Then lysis buffer (DMSO containing ammonia (Wang et 
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al., 2012)) was added and further incubation at 37˚C for 30 min in the dark was carried out. Cells 

were then re-suspended and the optical density was read with an ELISA-reader at 550-570 nm. 

 

3.9 Materials 
Roswell Park Memorial Institute medium (RPMI-1640), Dulbecco’s modified Eagle 

medium (DMEM), sodium pyruvate (100 mM), L-glutamine (200 mM), streptomycin (100 mg/ml), 

penicillin (100 U/ml), phosphate buffered saline (PBS, 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM 

KCl dissolved in 500 ml of distilled water, pH 7.4), D-glucose (5 mM), O-(4-hydroxy-3- 

iodophenyl)-3,5-diiodo-L-tyrosine sodium salt (3,3′,5-triiodo-L-thyronine, T3), 3-[4-(4-hydroxy-

3,5-diiodophenoxy)-3,5-diiodophenyl]-L-alanine sodium salt (L-thyroxine, T4,), 

tetraiodothyroacetic acid (tetrac), human recombinant insulin-like growth factor-1 (IGF-1), Arg-

Gly-Asp (RGD) peptide, lipopolysaccharide (LPS, from Escherichia coli 0111:B4), DAPI (4′,6′-

diamidino-2-phenylindole), diphenylene iodonium (DPI), phorbol 12-myristate 13-acetate (PMA), 

bisphenol A (BPA), cumene hydroperoxide and dimethyl sulfoxide (DMSO) were supplied by 

Sigma-Aldrich (MO, USA). Sterile plasticware for cell culture was purchased from Falcon (3V 

Chimica S.r.l., Rome, Italy), fetal bovine serum (FBS) was obtained from GIBCO (NY, USA). 

Monocyte chemoattractant protein (MCP-1) was purchased from PeproTech (NJ, USA). Sterile 

PBS, D-PBS, (Dulbecco's phosphate buffered saline, without calcium and magnesium) was 

obtained from EuroClone (Milan, Italy). PD98059 (a selective inhibitor of MAP kinase kinases 

(MAPKK), MEK1 and MEK2), wortmannin (a selective irreversible inhibitor of 

phosphatidylinositol 3-kinase) were purchased from Alexis Biochemicals (Laufelfingen, 

Switzerland). Rabbit anti-integrin alpha V + beta 3 polyclonal antibody (bs-1310r) was obtained 

from Bioss Antibodies (MA, USA). Goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody 

Alexa Fluor® 488 (A-11008) and Alexa Fluor® 546 (A-11010) were obtained from ThermoFisher 

Scientific (MA, USA). 

 

3.10 Solutions 
3,3',5-triiodo-L-thyronine (T3) sodium salt (MW 673 g/mol) and L-thyroxine (T4) sodium 

salt (MW 776.9 g/mol) were both dissolved in 0.1 N NaOH to obtain 10-3 M stock solutions. The 

aliquots were maintained frozen and used during 30 days. Bisphenol A (BPA) was dissolved in 

DMSO to obtain 1 M stock solution and kept at -20°C. The vial containing insulin-like growth 

factor 1 (IGF-1) was reconstituted using 10 mM HCl, and for stock solutions of less than 1 mg/ml, a 

carrier protein, bovine serum albumin (BSA), was added to obtain the final concentration of 0.1 

mg/ml. The aliquots of IGF-1 (2×10-5 M) were kept at -80°C and used during 3 months. The vial 
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which contained lyophilized monocyte chemoattractant protein-1 (MCP-1) was centrifuged at 1200 

rpm for 5 min. Then MPC-1 was reconstituted in sterile ultrapure water containing 0.1% BSA to the 

final concentration of 1 mg/ml and the aliquots were maintained at -80°C. Cumene hydroperoxide 

was diluted in DMSO from stock solution (1:1000) and the aliquots stored at -20°C. RGD tripeptide 

(MW 346.34 g/mol) was dissolved in distilled water at the final concentration of 1 mM and kept at -

20°C. 3-3'-5-5'-tetraiodothyroacetic acid (MW 747.8 g/mol) was dissolved in 0.1 N NaOH to obtain 

10-3 M stock solution maintained at -20°C. Rabbit anti-integrin alpha V + beta 3 polyclonal 

antibody (bs-1310r) was diluted in PBS (1:10) and stored at 2-8°C. DAPI stock solution was diluted 

to 300 nM in PBS. PD98059, a MEK inhibitor (MW 267.3 g/mol) was dissolved in DMSO at the 

final concentration of 10 mM. The long-term storage was at -20°C, and during the use, it was 

protected from light. Wortmannin, a PI3-K inhibitor, (MW 428.4 g/mol) was dissolved in DMSO at 

the final concentration of 1 mM and kept at -20°C. Phorbol 12-myristate 13-acetate (PMA) was 

dissolved in DMSO to obtain 20 nM stock solution maintained at -20°C. Rabbit anti-integrin alpha 

V + beta 3 polyclonal antibody (bs-1310r) was diluted in PBS (1:10) and stored at 2-8°C. 

 

3.11 Statistical analysis 
The results are reported as means ± SD and analyzed by one-way ANOVA, followed by 

post-hoc Bonferroni's multiple comparison test or by the Student's t-test; these were carried out 

using the Prism 7 statistics program (GraphPad, San Diego, CA). Differences were considered 

significant at P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

31 

4. RESULTS 
 
4.1 Evaluation of cell viability of thyroid hormones 
 Since THs are essential for normal growth and development and exert profound effects on 

cellular metabolism in almost all tissues, before starting all experiments it is important to assess 

whether the hormones at the concentrations used might give rise to some toxicity in vitro. 
The measurement of the cell-stimulating effect of THs is based on the capacity of 

mitochondrial enzymes of viable cells to transform the MTT tetrazolium salt into MTT formazan.  

A dose-response of the MTT signal was observed within range from 10-5 M to 10-10 M in the culture 

medium. 

The MTT assay carried out in BV-2 cells on a wide concentration range did not show any 

cytotoxicity both for T4 and T3. 
 

 
Figure 12. Effects of T4 and T3 on cell viability in BV-2 cells. Cumene hydroperoxide (200 µM), an inductor 
of oxidative stress, was used as positive control. Results are reported as mean ± SD of 3 different 
experiments carried out in triplicate. * p<0.001 vs all. 
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4.2 Expression of αVβ3 and its modulation by thyroid hormones 
Microglia express several different integrins, and although it has been shown that expression 

of some of these receptors is regulated in different pathological conditions, and also modulated by 

LPS and some cytokines in vitro (Kloss et al., 2001), what remains to be determined is which 

specific factors exert the major influence on microglial integrin αVβ3 expression. 

THP-1 human leukemic monocytes show high expression of integrin αVβ3, already known 

from the literature (Dellacasagrande et al., 2000; De Vito et al., 2012). Since THP-1 monocytes can 

be considered similar as to functional role to the BV-2 microglial cells, as representing cells of the 

immune system, our first aim of this study was to perform a comprehensive investigation to 

examine the influence of individual cytokines and THs on integrin αVβ3 expression. To address 

this question, we quantified cell surface expression levels of integrin αVβ3 by flow cytometry 

analysis in physio- and pathological conditions, stimulating cells with MCP-1 and LPS to generate a 

model of inflammation. 

It appears that integrin αVβ3 is well expressed in the plasma membrane of both cells but 

BV-2 shower a higher expression with respect to THP-1 (Figure 16). LPS gave a higher expression 

of the receptor in BV-2, partially reverted by T3 treatment but even more by T4. On the other hand, 

in THP-1 the expression of integrin was not modified by MCP-1; then the combination with T4 

decreased its expression, whereas in case of T3 combined to MCP-1 there was only a trend to a 

reduction of the expression after 24 hours. 
 
 
 (A)           (B) 

 
 
Figure 13. Expression of αVβ3 integrin in (A) murine microglia BV-2 and (B) human acute monocytic 
leukemia THP-1 cell lines measured by flow cytometry analysis. Cell were treated with T3 (10-7 M), T4 (10-7 
M), LPS (1 µg/ml) and MCP-1 (100 ng/ml) for 4 and 24 hours. Unstained sample (autofluorescence) and a 
sample incubated with only secondary antibody (goat anti-rabbit) were included as negative controls. 
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Figure 14. Flow cytometry analysis of the expression of αVβ3 integrin in BV-2 murine microglial cells, and 
its modulation by T4 (10-7 M), T3 (10-7 M) and LPS (1 µg/ml) at 24 hours. 
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Figure 15. Flow cytometry analysis of the expression of αVβ3 integrin in THP-1 human leukemic 
monocytes and its modulation by T4 (10-7 M), T3 (10-7 M) and MCP-1 (100 ng/ml) at 4 and 24 hours. 
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The confocal microscopy experiment is in good agreement with the results of the FACS analysis, as 

far as integrin expression is concerned. 

 
 

         
 
 

 
 

 
Figure 16. Expression of αVβ3 integrin in murine microglia BV-2 and human acute monocytic leukemia 
THP-1 cell lines measured by confocal microscopy. The red fluorophore indicates the presence of integrin 
αVβ3, the blue color given by DAPI instead indicates the nuclei. The third couple of panels in the right 
indicates the merge of the integrin signal with the nuclei. 
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4.3 Role of integrin αVβ3 in cell proliferation induced by IGF-1 
IGF-1 is a growth factor therefore it enhances cell proliferation and survival (Laron, 2001), 

but also has been shown to behave as a chemokine after skeletal muscle injury (Pillon et al., 2013). 

Integrin αVβ3 is a co-receptor of IGF-1 in addition to the typical tyrosin kinase receptor IGF1R, 

and “ligand occupancy” of αVβ3 enhances signaling induced by IGF1 binding to IGF1R (Jones et 

al., 1996; Zheng et al., 1998; Clemmons, 2007; Soung et al., 2010; Takada et al., 2017). It has been 

proposed that ECM ligands bind to integrins and IGF1 binds to IGF1R, and two separate signals 

merge inside the cells (Maile et al., 2006). Blocking of αVβ3 integrin interaction using an anti- 

αVβ3 mAb and echistatin, a snake venom disintegrin that specifically inhibits αVβ3, inhibits IGF1-

induced IGF1R phosphorylation, DNA synthesis and cell migration (Jones et al., 1995, 1996; 

Zheng and Clemmons, 1998). 

We previously published a modulation by THs of the IGF-1 mediated short-term (glucose 

uptake) and long-term (proliferation) responses through integrin αVβ3 in L6 myoblasts from rat 

skeletal muscle (Incerpi et al., 2014). So once assessed the expression and the modulation by THs 

of integrin αVβ3, we determined whether THs modulated the stimulatory effect of IGF-I on cell 

proliferation in microglial cells. We first confirmed with a proliferation curve that IGF-I increased 

BV-2 cells number, as expected, both THs alone have nothing or small modulatory effect on cell 

proliferation but THs significantly inhibited the stimulatory effect of IGF-1 on proliferation (Figure 

17).  
 

 
Figure 17. Effects of T3 (10-7 M), T4 (10-7 M) and IGF-1 (10 nM) on cell proliferation in BV-2 microglial 
cells. Results are reported as mean ± SD of 3 different experiments carried out in duplicate. * p<0.001 vs all. 
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Then addition of either RGD, tetrac or echistatin to the combination of T4 and IGF-I 

completely reverted the inhibition by THs of the proliferative IGF-I effect and confirmed that 

integrin αVβ3 is a membrane receptor for THs and a co-receptor for IGF-1, as shown above. In 

particular the cell proliferation was a good example of a long-term effect that starts from the plasma 

membrane (Incerpi et al., 2014) (Figure 17). 

 

 
 

 
Figure 18. Effects of T4 (10-7 M) in the upper panel, T3 (10-7 M) in the lower panel, RGD peptide (10 µM), 
tetrac (10 µM) and echistatin (100 nM) on cell proliferation stimulated by IGF-1 (10 nM) in BV-2 microglia 
cells after 72h. Being the effect of THs on IGF-1 is more evident at confluency, after 72h, we carried out the 
following experiments at this fixed time. Results are reported as mean ± SD of 3 different experiments 
carried out in duplicate. * p<0.01 at least vs all; ◦ p<0.001 vs IGF-1: # p<0.001 vs T4+IGF-1. 
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4.4 Signal transduction on BV-2 proliferation: MAPK and PI3-K pathways 
In light of the above results, after evaluating the inhibitory effect of T4 and the role of 

integrin αVβ3 in cell proliferation, we determined whether MAPK and PI3-K pathways are 

involved in this process by a pharmacological approach, because PI3-K/Akt mediates both short- 

and long-term cellular responses to IGF-1 (Clemmons, 2009). The results obtained are similar to L6 

myoblasts: IGF-1 stimulated cell proliferation, through PI3-K, as already reported in the literature 

(Baserga et al., 1997; Riedemann and Macaulay, 2006; Incerpi et al., 2014). Figure 19 shows that 

ERK inhibition with PD98059 had no effect on the action of IGF-1 or on cell counts but eliminated 

the inhibitory effect of T4 on cell proliferation of IGF-1. In contrast, wortmannin (a selective 

inhibitor for PI3-Ks) completely prevented induction of cell proliferation by IGF-I so that the cell 

counts remained at control level. These data confirm that the inhibitory effect of T4 in cell 

proliferation through integrin αVβ3 was mediated by MAPK as reported also for L6 cells (Incerpi et 

al., 2014). 

 

 
Figure 19. Effects of T4 (10-7 M) in the upper panel, T3 (10-7 M) in the lower panel, inhibitors of MAPK 
(PD98059) (10 µM) and PI3-K (wortmannin) (100 nM) pathways on cell proliferation induced by IGF-1 (10 
nM) after 72h. Results are reported as mean ± SD of 3 different experiments carried out in duplicate. * 
p<0.001 vs all; ◦ p<0.001 vs IGF-1: # p<0.001 vs T4+IGF-1. 
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4.5 Role of integrin αVβ3 in the ROS production induced by thyroid hormones 
Many effects of THs are directly linked to ROS (reactive oxygen species) production and 

oxidative stress in various ways. ROS produced by cellular metabolism play an important role as 

signaling messengers in immune system cells, and their increase also occurs during the process of 

tissue repair (San Martin and Griendling, 2010; Chen et al., 2016). 

Previous reports indicate that exists a crosstalk between THs and immune system (De Vito 

et al., 2012). Furthermore preliminary data from our laboratory showed that in THP-1 monocytes T4 

through integrin αVβ3 was able to increase ROS production as measured through formation of the 

intracellular fluorescent probe dichlorofluorescein (DCF) (De Vito et al., 2012).  

The results showed that also in BV-2 cells, T4 induce ROS formation and the effect was 

significantly inhibited by RGD peptide, tetrac and echistatin suggesting the involvement of integrin 

αVβ3. It was also interesting that when T4 was given together with diphenylene iodonium (DPI) 

there was a further inhibition of ROS production, suggesting the involvement of a membrane 

NADPH oxidase system and a possibly crosstalk between integrin and NADPH oxidase (Figure 

20A). 

In addition, also the signal transduction pathway was studied by a pharmacological 

approach:  both ERK1/2 and PI3-K/Akt pathways are involved, since ROS production was inhibited 

by wortmannin and PD98059, inhibitors of PI3-K and ERK1/2, respectively (Figure 20B). 
 

           (A)              (B) 
                   

 

Figure 20. Effect of T4 (10-6 M) on the ROS production in BV-2 microglial cells; they were pre-incubated 
with the inhibitors of integrin αVβ3 for 30 min at 37°C before the addition of hormone. (A) Effects of RGD 
(10 µM), tetrac (10 µM), echistatin (100 nM) and diphenylene iodonium (20 µM). (B) Effects of wortmannin 
(100 nM) and PD98059 (30 µM). Results are reported as mean ± S.D. of 3 different experiments. * p<0.001 
vs T4. 
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4.6 The role of thyroid hormones in wound healing 
Accumulating evidence suggests that immune cells perform crucial inflammation-related 

functions including clearing dead tissue and promoting wound healing (Graeber and Streit, 2010). 

As such microglia, the brain-resident macrophages, are essential for maintaining the health and 

normal function of the CNS and are highly mobile after activation in response to damage or 

inflammation, in order to reach their target sites (Lively and Schlichter, 2013). Various stimuli have 

been demonstrated to induce the classical activation of microglia both in vitro and in vivo, such as 

lipopolysaccharide (LPS), which is a major component of the outer membrane of Gram-negative 

bacteria (Hoshino et al., 1999; Lehnardt et al., 2003). 

It has been reported that αVβ3 integrin and LPS are involved in the production of TNF-α in 

THP-1 leukemic monocytes stimulated by Coxiella burnetii (Dellacasagrande et al., 2000), and data 

from our lab show that THs are able to inhibit the migration of THP-1 induced by MCP-1 through 

integrin αVβ3 after 4 hours (Candelotti, PhD thesis). Therefore, we studied the capability of THs to 

modulate cell migration in BV-2 cells with a wound healing assay, because this mechanism is a 

hallmark of wound repair involved in CNS repair after injury. 

Figure 21 shows the effects of THs in the migration induced by LPS. Previous experiments 

using a wide range of concentrations of LPS showed that 1 µg/ml was the best concentration to 

stimulate BV-2 cells (data not shown). The data showed that LPS alone was able to increase the 

percentage of wound closure with respect to control, as expected, but both THs were able to inhibit 

it and bring back to basal value, aging as anti-inflammatory agents. In particular T3 (10-9 M) was 

able to inhibit cell migration by about 20% with respect to basal value (Figure 21B). 

 
(A)                                (B)

 
Figure 21. Effects of (A) T4 and (B) T3 in the modulation of BV-2 cell migration induced by LPS. Results 
are reported as mean ± SD of 3 different experiments carried out in triplicate. * p<0.001 vs all; ° p<0.01 at 
least vs LPS as from a Student’s t test; # p<0.001 vs LPS as from a Student’s t test. 



 
 

 
 

41 

               Control  LPS (1 μg/ml)      T4 (10-7 M)          T3 (10-7 M) T4 + LPS   T3 + LPS 
 
 
0h 
 
 
 
 
 
24h 
 
 
 
Figure 23. Images from a representative experiment of wound healing assay at 0 and 24 hours of BV-2 cell 
monolayer. 

 
 

We then studied the signal transduction of the effect of T4 on the migration induced by LPS 

using inhibitors of integrin αVβ3: RGD (Figure 22A) and tetrac (Figure 22B). Both inhibitors were 

unable to revert the effect of T4, but the combination of both RGD and tetrac with T4 potentiate the 

inhibition. 

 

    (A)                (B) 

 
Figure 22. Effect of (A) RGD and (B) tetrac on the migration of BV-2 cells, induced by LPS. Results are 
reported as mean ± SD of 3 different experiments carried out in triplicate. * p<0.001 vs all; ° p<0.05 vs LPS 
+ RGD as from a Student’s t test; # p<0.05 vs LPS + Tetrac as from a Student’s t test. 
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4.7 Effects of BPA on cytotoxicity and cell migration 
Investigating immunomodulation effects of BPA on immune system cells, necessitates the 

exclusion of secondary genotoxic effects of BPA which may occur subsequent to its cytotoxic 

effects such as apoptosis or necrosis. We carried out a MTT assay in both BV-2 and macrophages 

(THP-1 monocytes differentiated with PMA for 24 hours at the final concentration of 100 nM 

(Lombardo et al., 2013)) and results show that in both cell line, BPA did not affect significantly cell 

viability but not at 1 mM (Figure 24). 
 

 
Figure 24. Cytotoxicity evaluation of BPA on BV-2 (upper panel) and macrophages (THP-1 differentiated 

with 100 nM PMA for 24 hours) (lower panel). Cumene hydroperoxide (200 µM), a radical generator, was 

used as a positive control. DMSO was used as a solvent control. Results are reported as mean ± SD of 3 

different experiments carried out in triplicate. * p<0.05 at least vs all. 
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In the scientific literature, there are numerous research results that demonstrate a specific 

connection between the endocrine and immune systems. In particular Sheng and collaborators have 

shown that BPA can interfere with the action of thyroid hormones through integrin αVβ3 (Sheng et 

al., 2013). 

We evaluated, in a wide range of concentrations, the immunomodulatory effects of BPA in 

THP-1 leukemic monocytes in the migration induced by MCP-1. Data shown are in line with 

previously experiments carried out in our laboratory with thyroid hormone, T4 (Candelotti, PhD 

thesis), but at present we are not able to confirm that this inhibition is mediated by interaction 

between BPA and αVβ3 integrin (Figure 25). 
 

 
Figure 25. Dose-response of BPA (10-5 M - 10-9 M) in the transwell migration of THP-1 induced by MCP-1 
(100 ng/ml). DMSO was used as a solvent control. Results are reported as mean ± SD of 3-6 different 
experiments carried out in duplicate. * p<0.05 at least vs all. 
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5. DISCUSSION 

 
 To the best of our knowledge, the present thesis was the first to demonstrate that thyroid 

hormones (THs), through integrin αVβ3, seems to behave as anti-inflammatory agents in activated 

microglia. Microglia, the resident macrophages of the CNS are generally considered the primary 

immune cells of the brain (Kim and de Vellis, 2005). In healthy CNS, ramified microglia are widely 

distributed to detect any environmental changes by their motile processes (Streit et al., 1988; 

Kettenmann et al., 2011). Pathological insults trigger microglial activation, they change into highly 

active phagocytic cells that proliferate and migrate to the inflammatory focus (Becher et al., 2000; 

Hanisch and Kettenmann, 2007; Tanaka et al., 2009). 

 The connection between THs and immune system is complex and not well-understood, 

however the identification of αVβ3 as a membrane receptor for TH permits speculation about 

clinical significance of the interaction between integrin αVβ3 and the TH, and the downstream 

consequence of immune responses. In fact, our group showed that THs, mainly T4, prevented cell 

migration in THP-1 monocytes induced by different chemokines and this mechanism is regulated 

by integrin αVβ3 (Candelotti, PhD thesis). All this body of evidences prompted us to study the 

possible crosstalk between THs and immune system using as a model murine microglial cells BV-2. 

While the primary function of microglia is to protect cells of the CNS from invading 

microorganisms, accumulating evidence suggests that under certain conditions microglia may 

become overly stimulated, leading to excessive destruction of host tissue (Gonzalez-Scarano and 

Baltuch, 1999; Carson, 2002). In view of these findings, we focused our attention to define the 

possible role of TH in the regulation of activation of microglial BV-2 cells through integrin αVβ3, 

because in literature few information is available. 

 THs are important for the development and function not only in periphery but also in the 

CNS, supporting the development of microglia (Lima et al., 2001) With the exception of direct 

hormonal action on mitochondrial respiration, the effects of TH have been viewed as largely 

mediated by genomic mechanisms (Cheng et al., 2010). However, data presented in the past decade 

have supported the existence of a number of non-genomic mechanisms of action for the hormone 

initiated at a specific receptor on a cell surface protein: integrin αVβ3 (Cheng et al., 2010; Davis et 

al., 2011). Intracellular signals through integrin αVβ3 include regulation of trafficking of specific 

proteins from cytoplasm into the nuclear compartment, or activation of signal transducing kinases 

(MAPK and PI3-K) but recent evidence supports the existence of crosstalk between non-genomic 

and genomic effects of the hormone (Bergh et al., 2005; Incerpi et al., 2014; Davis et al., 2016; 
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Kalyanaraman et al., 2016). Since the traditional ligands of integrins are proteins, finding that a 

small molecule like TH is also a ligand of an integrin is a novel finding. 

 The immune system provides other examples of crosstalk between genomic and non-

genomic mechanisms of THs. Growing evidence compiled over recent decades has revealed a 

bidirectional crosstalk between THs and the immune system. This interplay has been demonstrated 

for several pathophysiological conditions of the thyroid functioning and the innate and adaptive 

immunity (De Vito et al., 2012). In general hyperthyroidism enhances the immune response. This is 

indicated in terms of antibody production, immune cell migration, lymphocyte proliferation and 

ROS production, and it is associated with decreased pro-inflammatory marker release, antioxidant 

enzyme production, and increased immune functions (De Vito et al., 2011, 2012). Hypothyroidism 

often gives rise to the opposite effects for some of these parameters, decreasing the immune 

response, antibody production, cell migration, and lymphocyte proliferation (Klecha et al., 2008; 

Barreiro Arcos et al., 2011). Though non-genomic effect of TH, its plasma membrane-bound 

receptor, and its signaling has been identified, precise function in each cell type of the CNS 

remained to be investigated. The novel homeostatic link between THs and the pathophysiological 

role of microglia opens new perspectives on the interactions between the endocrine and immune 

systems. 

 Integrins are transmembrane adhesion receptors that mediate cell-cell and cell-extracellular 

matrix adhesion and also induce bidirectional signalling across the cell membrane to regulate cell 

proliferation, activation, migration and homeostasis (Hynes, 2002). Integrin αVβ3 is a ubiquitous 

receptor that is expressed on a wide variety of cell types including macrophages (Felding-

Habermann and Cheresh, 1996; Cai and Chen, 2006). Previous studies have showed that integrin 

αVβ3 was highly expressed on activated cells under pathological conditions and is linked to 

inflammation (Monick et al., 2002; Antonov et al., 2011; Kurihara et al., 2011; Gianni et al., 2012). 

In fact expression of integrin αVβ3 can be up-regulated by stressful signals in monocytes (Antonov 

et al., 2004), and modulated by cytokines and ECM proteins in microglial cells (Milner, 2009). We 

compared the integrin αVβ3 expression on THP-1 and BV-2 under different pro-inflammatory 

stimuli and our data show that only in BV-2 cell, LPS increases significantly the expression of the 

receptor partially reverted in combination with T3 and T4. These preliminary data together indicate 

that integrin αVβ3 is up-regulated in BV-2 under LPS stimulation and is required for microglial 

activation, but the inhibition by TH suggests an anti-inflammatory role of the hormone in the 

modulation of the response. 

 THs are also able to modulate transduction of several cytokine and growth factor signals in 

human cell lines such as such as EGF and TGF-α (Lin et al., 1999b; Shih et al., 2004). Previously 
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data from our lab demonstrated a crosstalk between THs and IGF-1 through integrin αVβ3 in L6 

myoblasts from rat skeletal muscle (Incerpi et al., 2014). We wanted to assess whether this 

interaction might be found also in BV-2 cells while IGF-1, a growth factor that has integrin αVβ3 as 

a co-receptor, has been recently reported to behave also as a chemokine after a skeletal muscle 

injury (Pillon et al., 2013). In particular we focused our attention in the study of cell proliferation 

induced by IGF-1, a good example of a long-term effect that starts from the plasma membrane 

(Cheng et al., 2010; Incerpi et al., 2014). Our results show that in BV-2 microglial cells both THs, 

mainly T4, are able to inhibit cell proliferation induced by IGF-1 and this effect is mediated by 

integrin αVβ3 since RGD, tetrac and echistatin completely reverted the inhibitory effects induced 

by TH. Then signal transduction studies of TH and IGF-I were conducted by a pharmacological 

approach using inhibitors of PI3-K and MAPK, since both signalling pathways mediates both short- 

and long-term cellular responses to IGF-1 and are co-activated by integrin αVβ3 and IGF1R. Our 

data show that wortmannin (an inhibitor of PI3-K) inhibited IGF-I stimulation of cell proliferation, 

as expected; on the other hand PD98059 (an inhibitor of MAPK) did not affects IGF-I action but 

blocks the action of T4 and confirm that the modulation of cell proliferation through integrin αVβ3 

was mediated by MAPK pathway. 

 The innate immune system is involved also in every aspect of the wound healing process 

and is especially significant during the inflammatory stage (Julier et al., 2017), but the involvement 

of TH is not well understood (Safer et al., 2004). The reported importance of TH in wound healing 

in vivo, both in human and in animals, is contradictory. Although some authors report improved 

rates and quality of wound healing in response to TH (Zamick and Mehregan, 1973; Mehregan and 

Zamick, 1974; Herndon et al., 1979; Talmi et al., 1979; Alexander et al., 1982; Erdogan et al., 

1999), others found no apparent TH-mediated changes in wound healing (Pirk et al., 1974; 

Ladenson et al., 1984; Cannon, 1994). To gain insight, we evaluated the impact of THs on wound 

healing in BV-2 microglial cells. Microglia rapidly become activated in response to CNS damage or 

in the presence of modulator of inflammation like LPS, because among other cells in the brain 

microglia are the major LPS responsive cells (Lehnardt et al., 2003). The principal finding in the 

present thesis is that both T4 and T3 in the physiological range are able to modulate wound closure 

and cell migration responses to LPS and these effects seem to be mediated by integrin αVβ3. The 

involvement of αVβ3 integrin in the effects of TH on wound healing was studied by the use of two 

different inhibitors of the binding to αVβ3 integrin: Arg-Gly-Asp peptide (RGD), 

tetraiodothyroacetic acid (tetrac) a metabolite of TH and a probe for integrin αVβ3. Surprisingly, T4 

was still able to reduce the migration induced by LPS, but the combination of TH and integrin αVβ3 

inhibitors results in a significant potentiation of the inhibitory effect of TH on LPS-induced cell 
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migration. Mori and collaborators demonstrated that T3 induces microglial migration both in vitro 

and in vivo and the enhancement is mediated by T3 uptake by TH transporters and binding to TR 

(Mori et al., 2015). Our results suggest that TH is an important signaling factor that affects 

microglial migration via various complex mechanisms, but the difference in the response  probably 

depends from the signal transduction pathway activated. However these results are in agreement 

with previous data from our lab that reported the involvement of αVβ3 integrin in the crosstalk 

between T4 and MCP-1 in THP-1 monocytes cell migration (Candelotti, PhD thesis) but the 

unexpected results on the potentiation of the inhibitory effect of the TH needs to be elucidated. 

 In silico molecular docking simulations have been carried out in order to better understand 

the mechanism of interaction between T4 and αVβ3 integrin, in its inactive form, both in the 

presence and in the absence of the peptide RGD. Data showed that T4 mainly binds at the interface 

between two αVβ3 integrin subunits in the basal part of the macromolecule next to the cell 

membrane, a site that is different from the RGD binding site. Interestingly, T4 was able to bind to 

this site both in the presence and in the absence of the RGD peptide. In particular, the putative T4 

binding site is located in the extracellular space, but very close to the plasma membrane and, 

interacting with both integrin subunits may stabilize the inactive conformation of the αVβ3 integrin. 

These results are in agreement with those obtained by the wound healing assays which show a 

significant potentiation in the inhibition of the migration induced by LPS, when T4 was in the 

presence of the peptide RGD. As mentioned above, this effect could be due to the presence on the 

integrin of a binding site for the hormone, different from the RGD site.  

 Cell migration is a complex, dynamic and integrated process involved in several physio-

pathological functions such as morpho-genesis during development. In adults, cell migration plays a 

pivotal role in immune response and tissue-repair (San Martin & Griendling, 2010). ROS are very 

important for cell migration as shown in different cell types including THP-1 monocytes and ROS 

production is important in different aspects of the migratory process (De Vito et al., 2012). 

Formation of ROS can be obtained by activation of plasma membrane NADPH oxidases that give 

rise to superoxide production, but there are other types of ROS in the cells, such as H2O2 which is 

not a free radical and is quite stable, even though it has strong oxidizing capacity, in particular as a 

substrate of peroxidases. The reports concerning the action of THs in cells of the immune system, 

mainly mononuclear and polymorphonuclear leukocytes, indicate that TH stimulates their metabolic 

activity and oxygen consumption, thus TH may contribute to oxidative stress both in the short- and 

in the long-term range (Magsino et al., 2010). In light of the above results, after evaluating the 

inhibitory effect of T4 and the role of integrin αVβ3 in cell proliferation and migration, we 

evaluated the cellular and molecular mechanisms involved in THs effects on ROS production in 
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innate immune cells. Our results showed that in BV-2 cells T4 is able to increase ROS production 

and this leads to a stimulation of cell migration. The process is mediated by integrin αVβ3, since the 

effect is inhibited by RGD, tetrac and echistatin whereas the ROS production seems to come from 

the crosstalk of integrin αVβ3 and NADPH oxidases (De Vito et al., 2012). 

 In the scientific literature, there are numerous research results that demonstrate a specific 

connection between the endocrine and immune systems. The structures of some compounds 

resemble those of natural hormones, and this enables them to act directly on the endocrine system 

similarly as an endogenous hormone. This finding, as well as further observations, leads to the 

constitution of a novel group-endocrine disrupting chemicals (EDCs), exogenous and natural and 

synthetic chemicals which disrupt endocrine function through mimicking or blocking endogenous 

hormones (Vaiserman, 2014; Nowak et al., 2019). Bisphenol A (BPA), a monomer of 

polycarbonate plastics, has been shown to possess estrogenic properties (Acconcia et al., 2015) and 

is reported that can act also as an agonist for TH and integrin αVβ3 (Moriyama et al., 2002; Sheng 

et al., 2019). Based on literature that demonstrates the relationship between BPA, THs and immune 

systems, we reported the effects of BPA exposure in vitro on immune system cell. Preliminary data 

showed that BPA at high concentrations suppress cell viability of THP-1 monocytes and BV-2 

microglial cells. Segura and collaborators observed the inhibitory influence of BPA on macrophage 

functions (Segura et al., 1999), so we compared the effect of BPA in THP-1 cell migration induced 

by MCP-1. Results showed that BPA at concentration used seems to mimic the effects of THs in the 

inhibition of migration but at the moment we can’t confirm the effect is mediated by αVβ3. 

 In conclusion, our data show for the first time that THs, T3 and T4, inhibit ROS production, 

cell proliferation and cell the migration in wound healing assay in BV-2 microglial cells. The effect 

is mediated by integrin αVβ3, the plasma membrane receptor for THs, as observed by the use of 

pharmacological inhibitors of αVβ3: RGD and tetrac. THs seem to behave as anti-inflammatory 

agents in several physio-pathological functions and play a pivotal role in immune response but since 

the response in the presence of different modulators of inflammation is different, for this reason we 

can hypothesize that maybe the role of THs may be different depending on the physiopathological 

situation. 
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