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Article 
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Abstract: Much evidence now indicates a direct crosstalk between thyroid hormones (THs) and the 
immune system. We previously showed that THs behave as anti-inflammatory agents in human 
leukemic THP-1 monocytes, but a potential neuroprotective effect of THs in microglia have been 
under-investigated. Microglia, the primary innate immune cells of the brain, play a pivotal role in 
the regulation of neuroinflammation and nongenomic integrin αvβ3-mediated action of THs appear 
to be involved. Integrin αvβ3 was highly expressed in activated BV-2 cells, while it was decreased 
by THs. In addition, THs facilitated wound healing in BV-2 murine microglia cells activated by 
lipopolysaccharide (LPS), through integrin αvβ3 and reactive oxygen species (ROS), with tetrac (a 
metabolite of TH) potentiated the inhibition of migration. Nitric oxide (NO) played a role with 
different mechanisms in the presence of either T3 or T4. Our data showed the capability of TH and 
analogues to modulate the M1-to-M2 microglial transition and suggest a new spectrum of actions 
in the central nervous system (CNS). 

Keywords: microglia; thyroid hormone; tetraiodothyroacetic acid (tetrac); integrin αvβ3; 
lipopolysaccharide (LPS); wound healing; migration; reactive oxygen species (ROS); nitric oxide 
(NO); neuroinflammation 

1. Introduction

Thyroid hormones (THs) in mammals are essential for normal development, growth, metabolic 
regulation, neural differentiation and also play an important role in the maintenance of adult brain 
function [1–5]. Recently, it has been proposed that changes in each of these hormones may be relevant 
to the vasculopathic complications of COVID-19 infection [6]. 
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The thyroxine (T4) produced by the thyroid gland is converted into its active form (3,3′,5-triiodo-
L-thyronine, T3) by astrocytes in the central nervous system (CNS) through the deiodinase 2 (D2 or 
DIO2), that belongs to a family of selenoproteins [7–9]. TH tissue homeostasis is under the control of 
deiodinase 3 (D3 or DIO3), which inactivates T4 to reverse-T3 (rT3) and T3 to 3,5-diiodo-L-thyronine 
(T2) [10,11]. Local TH metabolism is supported by TH membrane transporters [12,13], and proper 
intracellular concentration of TH in the CNS and TH-dependent genomic and nongenomic effects 
[14]. 

T3 is the main form of TH that acts at thyroid hormone receptors (TRs) [1,15] but a plasma 
membrane receptor for TH, has been found to be a structural protein of the membrane surface whose 
extracellular domain interacts with proteins of the extracellular matrix (ECM), such as vitronectin 
and fibronectin: the integrin αvβ3 [16,17]. T4 is the principal ligand of integrin αvβ3 [1,18] but also 
T3 at physiological concentrations binds to the integrin with lower affinity with respect to T4 [19]. 
After interacting with T4, integrin αvβ3 is internalized into cytoplasm, and the αv monomer may 
translocate to the nucleus and  function as a co-activator protein [20]. In addition to THs, also 
tetraiodothyroacetic acid (tetrac, a deaminated analogue of T4) and small proteins that contain the 
RGD-amino acid sequence (the Arg-Gly-Asp motif) bind integrin αvβ3 but inhibit TH actions [16,21]. 
Acting at the TH receptor on αvβ3, either T4 (at physiological concentrations, 10-7 M) or T3 (at 
supraphysiological concentrations, 10-7 M), affected intracellular protein trafficking, activities of 
certain signal transducing kinases (MAPK and PI3K) and phosphorylation of nuclear receptors like 
TR and estrogen receptor α (ERα) [18].  

The integrin αvβ3 is overexpressed on many cancer cells and also on the surface of tumor blood 
vessels, leading to angiogenesis and tumor cell proliferation [16,18,22–24]. Some recent studies 
suggest that integrins appear to be upregulated also in COVID-19 affected patients [25]. Integrin αvβ3 
is expressed as well on the plasma membrane of different types of cells involved in the immune 
response [26–28], but contradictory results have been also reported about the relationship between 
TH and immune system. T3 can stimulate the production of reactive oxygen species (ROS) in 
mononuclear and granulocytic cells that may increase cell migration [29,30]. At variance with this, 
we have recently reported that THs, through integrin αvβ3, inhibit the migration induced by 
chemokines in THP-1 monocytes, showing anti-inflammatory properties [31]. Nitric oxide (NO) is 
known also as a possible mediator of inflammatory situations and its production is regulated by THs 
with different mechanisms [31,32]. 

Many reports indicate that alterations in TH levels can affect the immune system [27,30,33,34]. 
In hyperthyroidism an increase of humoral and cellular immune responses was observed, compared 
to control patients [26]. Opposite immune responses were found in hypothyroid patients [35]. 
However, contradictory results have been reported and therefore it is difficult to establish a clear 
correlation between immune function and hyper- or hypo-thyroid conditions [36–38]. On the other 
hand, physio-pathological alterations of the immune system, such as infection and inflammation can 
affect the hypothalamic-pituitary-thyroid axis (HPT) and, as a direct consequence, modulate the 
mechanisms of TH action [39]. In non-thyroidal illness syndrome (NTIS) the HPT is altered as well 
as the levels of THs, this may affect immunocompromised patients that may become more subject to 
viral infection such as AIDS and more recently by COVID-19 [39–41]. 

Microglia are the resident macrophages in the brain that support the CNS and are related to the 
pathogenesis of neurodegenerative and other inflammatory diseases. Their main function is the 
immune defense and phagocytosis, beside the trophic support for tissue repair and homeostasis of 
the CNS. In addition, microglia is very important during CNS development [42]. 

There are two possible states for the microglia, resting and activated [43]. Microglia are at rest in 
healthy brain, when there are changes in brain homeostasis and activation, divided in M1 and M2. 
M1 can be started by interferon-γ (IFN-γ) or lipopolysaccharide (LPS) [44]. M1 microglia give rise to 
inflammatory cytokines and chemokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), IL-6, IL-12, etc. but also NADPH oxidase (NOX), with production of ROS and inducible nitric 
oxide synthase (iNOS) with production of NO. 
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M2 activation is alternative and is induced by anti-inflammatory cytokines such as IL-4, IL-13, 
insulin-like growth factor-1 (IGF-1) and other growth factors. Therefore, M1 microglia produces 
inflammation and neurotoxicity, whereas M2 microglia induces anti-inflammation and healing. 
Microglia can switch from one state to the other depending on the environmental conditions of CNS, 
playing a neuroprotective role [45]. 

The above information prompted us to study the capability of THs to modulate inflammation-
induced activation of BV-2 microglia, the resident immune cells of the CNS. In fact, the effects of THs 
have been studied mainly as to the nuclear effects [46–50], whereas here we focused our attention to 
the extra-nuclear effects mediated by integrin αvβ3.  

Our data show that THs facilitate wound healing in BV-2 microglia and the effect is mediated 
by ROS in case of T4 and NO in case of T3, whose effect can probably be ascribed to an activation by 
LPS of D2 stimulating the conversion of T4 to T3 with a local increase of hormone, under the control 
of TSH and activation of iNOS [51,52]. 

2. Results 

2.1. Evaluation of Cell Viability in BV-2 Microglia by Thyroid Hormones and LPS 

The endocrine and CNS systems have relevant interaction, and THs are pivotal for the proper 
functioning of the CNS [53]. Since physiological TH concentrations appear to be crucial for microglial 
growth and morphological differentiation [46], we investigated by MTT assay whether the THs at the 
concentrations employed might affect cell viability of BV-2 microglia cells. 

The measurement of the cell-stimulating effect of THs depends on the capability of 
mitochondrial enzyme succinate dehydrogenase of viable cells to convert the MTT tetrazolium salt 
into MTT formazan. 

The possible effect of THs in a wide concentration range, 10-5 M - 10-10 M, was carried out in BV-
2 cells in the presence and absence of LPS at 1 μg/mL and we found that LPS alone or in combination 
with both T4 and T3 did not affect cell viability (data not shown). 

2.2. Expression of αvβ3 Integrin and Its Modulation by Thyroid Hormones 

Microglia express several integrins, that are regulated in different pathological conditions and 
by LPS and some cytokines in vitro [54–56], therefore we aimed first to evaluate integrin αvβ3 
expression and how the THs may affect the microglia through the integrin.  

THP-1 human leukemic monocytes show high expression of integrin αvβ3 [27,57]. We reported 
that THs are able to modulate the response of THP-1 monocytes to macrophage chemoattractant 
protein-1 (MCP-1), by inhibiting the migration induced by the cytokine [31]. BV-2 microglial cells, 
represent cells of the immune system in the CNS, can be considered similar as to functional role to 
THP-1 monocytes, we aimed to evaluate whether THs through integrin αvβ3 might be able to 
modulate in BV-2 microglia cells the response to a strong cytokine, such as MCP-1 (100 ng/ml) or LPS 
(1 μg/ml). To this aim, we first quantified cell surface expression levels of integrin αvβ3 by flow 
cytometry analysis stimulating the cells with MCP-1 and LPS to generate a model of inflammation. 

In experiments with confocal microscopy, we found that integrin αvβ3 is well expressed in the 
plasma membrane of both cell types, but BV-2 cells showed a higher expression with respect to THP-
1 monocytes (Figure 1).  
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Figure 1. Expression of αvβ3 integrin in murine microglia BV-2 and human acute monocytic leukemia 
THP-1 cell lines measured by confocal microscopy as described in Materials and Methods. 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. Image magnification: 60X. Several fields were analyzed for different conditions and 
representative results from one single experiment are shown. 

LPS gave a higher expression of the integrin receptor in BV-2 cells, partially reverted by T3 
treatment but even more by T4 (Figure 2).  
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Figure 2. 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. Thyroid hormone was 
given 30 min before LPS. One representative of three independent experiments is shown. 

On the other hand, in THP-1 monocytes the expression of integrin αvβ3 was not modified by 
MCP-1, but it was decreased when combined with T4, whereas the combination of T3 and MCP-1 
resulted only in a trend to a reduction of the expression after 24 hours at the flow cytometry (Figure 
3). 
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Figure 3. 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. 
One representative of three independent experiments is shown. 

2.3. Thyroid Hormones through Wound Healing Are Able to Regenerate and Repair CNS 

Following an injury to the CNS, there is an influx of leukocytes to the site of damage and an 
activation of the microglia; these phenomena are collectively referred to as neuroinflammation [58]. 

Therefore, the immune cells perform crucial inflammation-related functions including clearing 
dead tissue and promoting wound healing [59]. As such microglia cells 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 [60]. Various stimuli have been used to 
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promote neuroinflammatory responses and promote the classical activation of microglia both in vitro 
and in vivo, such as LPS, which is a major component of the outer membrane of Gram-negative 
bacteria [61–65]. 

The αvβ3 integrin and LPS are involved in the production of TNF-α in THP-1 leukemic 
monocytes stimulated by Coxiella burnetii [57], and data from our laboratory showed that THs inhibit 
the migration of THP-1 monocytes induced by MCP-1 through integrin αvβ3 after 4 hours [31]. 
Microglia cells are activated within minutes after CNS injury [66]. Therefore we studied the capability 
of THs to modulate cell migration in BV-2 cells with a wound healing assay at 24 hours, because this 
mechanism is a hallmark of wound repair involved in CNS after damage. 

The effects of THs in the LPS-induced BV-2 microglial cell activation and migration is shown in 
Figure 4.  

 
Figure 4. Images of wound healing assay at 0 and 24 hours of BV-2 cell monolayer. Cells were treated 
with LPS (1 μg/ml) with and without either T3 or T4 at (10-7 M). The figure shows a representative 
experiment of at least three independent experiments. 

Preliminary experiments in a wide range of concentrations of LPS (0.01 - 1 μg/ml) showed that 
1 μg/ml was the optimal concentration to stimulate BV-2 cells (data not shown). LPS alone increased 
significantly the migration of microglial cells, about 40% with respect to control, but both THs at 
physiological concentrations inhibited the effect of LPS to basal value, behaving as anti-inflammatory 
agents (Figure 5). Since microglia are specialized macrophages in the brain, we suppose that THs 
during inflammation depending on their binding to integrin αvβ3 or TRs can regulate the phenotype 
of microglial cells from M1 (pro-inflammatory and neurotoxic) to M2 (anti-inflammatory and 
healing)  [50] and modulating inflammasome activation [39]. 
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Figure 5. (A) Effects of T4 and (B) T3 in the modulation of cell migration induced by LPS in BV-2 cells. 
Results are reported as mean ± SD of n=3 different experiments carried out in triplicate. * p<0.001 vs 
all, °p< 0.001 at least vs LPS as from a Student’t test. 

We then studied the signal transduction of the effect of T4 on the migration induced by LPS 
using inhibitors of integrin αvβ3: RGD (10 μM, Figure 6A) and tetrac (10 μM, Figure 6B). Both 
inhibitors were unable to revert the effect of T4, but the combination of RGD and tetrac with T4 
potentiated the inhibition as already reported for human leukemic monocytes THP-1 stimulated with 
MCP-1 [31]. It has been reported that tetrac and nanoparticulate formulation regulate gene 
transcription of a number of anti-inflammatory chemokines [67]. For example, expression of 
fractalkine (CX3CL1, a cytokine involved in inflammation) is downregulated by tetrac suggesting 
that THs may stimulate fractalkine expression [68]. Moreover, independently of its specific receptor 
(CX3CR1) fractalkine can make ternary complex with integrin αvβ3 that increase the adhesion and 
therefore inhibits the migration, helping the healing process [67–70]. In addition, the potentiating 
effect of tetrac on migration is not specifically due to the ability of the drug to inhibit binding on 
integrin αvβ3, but probably within the cell tetrac has some thyromimetic activity (both by itself) as 
well as through its conversion to triiodothyroacetic acid (triac) [71,72]. 

 
Figure 6. (A) Effect of RGD and (B) tetrac on the migration of BV-2 cells, induced by LPS. Results are 
reported as mean ± SD of n=3 different experiments carried out in triplicate. * p<0.001 vs all; ° p<0.05 
at least vs LPS+RGD+T4 (panel A) or vs LPS+tetrac+T4 (panel B) as from a Student’s t test. 

2.4. Production of ROS and NO Induced by Thyroid Hormones: Possible Role of Integrin αvβ3 

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 [73–75]. 
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It has become increasingly clear that integrins convey signals that result in increased ROS 
production upon ligand binding [76,77]. We previously showed that T4, in THP-1 monocytes, 
through integrin αvβ3, increased ROS production, measured by the intracellular fluorescent probe 
dichlorofluorescein (DCF) [27], we wanted to verify whether T4 might be able to give a similar 
cellular response in BV-2 microglial cells. 

The results show that T4 induces short-term ROS production and the effect was significantly 
reduced by integrin αvβ3 inhibitors: RGD peptide (10 μM), tetrac (10 μM) and echistatin (100 nM) a 
member of the disintegrin family from the venom of the viper Echis carinatus [78]. When T4 was also 
given together with diphenylene iodonium (DPI, 20 μM), an inhibitor of NOX, there was a further 
inhibition of ROS production suggesting the involvement of a membrane NOX system and a possible 
crosstalk between integrin αvβ3 and NOX (Figure 7A) [79]. The signal transduction pathway studied 
by a pharmacological approach indicated that both ERK1/2 and PI3K/Akt pathways were involved, 
since ROS production was also inhibited by wortmannin (100 nM) and PD98059 (30 μM), inhibitors 
of PI3K and ERK1/2, respectively (Figure 7B). 

 

Figure 7. Effect of inhibitors of the integrin αvβ3 and signaling on the ROS production by T4 (10-6 M) 
in BV-2 microglial cells. Cells were pre-incubated with the inhibitors of integrin αvβ3, RGD, tetrac, 
echistatin, 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 (DPI, 20 μM). (B) Effects of wortmannin (100 
nM) and PD98059 (30 μM). Results are reported as mean ± S.D. of n=3 different experiments. * p<0.001 
vs T4 as from a Student’s t test. 

NO is a signaling molecule that plays a key role in the pathogenesis of inflammation. It gives an 
anti-inflammatory effect under normal physiological conditions but is also considered as a pro-
inflammatory mediator that induces inflammation due to overproduction in abnormal situations [80]. 
Various hormones, including THs, regulate the activity of NOS and NO production [81,82], while 
altered NO level is associated with thyroid dysfunction [83,84]. 

Therefore, we also quantified the concentration of NO in BV-2 cells by the Griess assay and 
experiments were carried out using T4 and T3 (both 100 nM) and LPS (1μg/ml). NO was increased 
by LPS treatment and T4 did not affect LPS production of nitrite as well as RGD and tetrac (Figure 
8A). The treatment with L-NAME (1 mM) completely inhibited the nitrite production by LPS and 
confirm that the effect of T4 is not comparable respect to non-selective NO synthase inhibitor (Figure 
8B).  
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Figure 8. (A) Effects of T4 (10-7 M), inhibitors of integrin αvβ3 (tetrac 10 μM, RGD peptide 10 μM) and 
(B) nitric oxide synthase inhibitor L-NAME (1 mM) on nitrite production in BV-2 microglial cells in 
the presence of LPS (1 μg/ml). Results are reported as mean ± SD of n=3 different experiments carried 
out in triplicate. * p<0.001 vs all. 

At variance with these data, T3 in the presence of LPS, gave rise to a significant increase of NO 
and showed only a trend to a decrease, with respect to T3+LPS in the presence of inhibitors of the 
integrin [32,51] (Figure 9A). Also a lower concentration of LPS (0.1 μg/ml) in the presence of T3 was 
very effective in stimulating the NO generation with respect to LPS alone by about 40% and both 
tetrac and RGD reduced significantly the nitrite production with respect to T3+LPS (Figure 9B), 
suggesting a crosstalk between nongenomic and genomic actions of THs able to stimulate iNOS 
activity and L-arginine uptake [85–87].  

 
Figure 9. Effects of T3 (10-7 M) and inhibitors of integrin αvβ3 (tetrac 10 μM, RGD peptide 10 μM) on 
nitrite production in BV-2 microglial cells with two different concentrations of LPS: (A) 1 μg/ml and 
(B) 0.1 μg/ml. Results are reported as mean ± SD of n=3 different experiments carried out in triplicate. 
* p<0.001 vs LPS; °p< 0.01 at least vs T3+LPS. 

In fact it seems that the receptor either α or β were not increased by LPS, but probably is the 
local concentration of T3 that is important, as it could be in the tanycyte where T4 is converted to T3 
by D2, activated by LPS [51,88,89]. Tanycytes are specialized cells (classified as astroglia) that line the 
floor of the third ventricle of the tuberal region of the hypothalamus [90] and share many features 
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with astrocytes like producing the active hormone T3 from deiodination of T4, since they express one 
of the highest concentrations of D2 activity and D2 mRNA in the brain [91]. 

2.5. Effect of Thyroid Hormones and Integrin αvβ3 in Cell Proliferation: Modulation by IGF-1 

Neurological damage or disorder can lead to inflammation, which results in activation of 
microglia, followed by proliferation and change in phenotype [59].  

IGF-1 is a growth factor, highly selective binding to its IGF-1 receptor (IGF-1R), therefore it 
enhances cell proliferation and survival [92,93], but it has been shown to behave both as a chemokine, 
stimulating cell migration, and as a cytokine, produced by injured muscle tissue [94]. However, IGF-
1 is also involved in the neuroinflammatory response and it is acknowledged as a potent 
neuroprotective growth factor that inhibits neuroinflammation [95,96]. IGF-1 is also highly expressed 
in brain cells, including neurons and glial cells, suggesting that IGF-1R may be a vital functional 
molecule in repairing the injured CNS [97–99]. 

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 [100]. We demonstrated the same behavior of TH in THP-1 monocytes on cell 
proliferation induced by MCP-1 and IGF-1 [31]. Having assessed the expression and the modulation 
by THs of integrin αvβ3-mediated responses, we studied the effect of THs on the modulation by IGF-
1 of cell proliferation in BV-2 microglial cells. We found that IGF-1 increased the proliferation of BV-
2 cells, analogously to THP-1 monocytes, THs alone have no or only a modulatory effect on cell 
proliferation; however THs significantly inhibited the stimulatory effect of IGF-1 on proliferation 
(Figure 10).  

 
Figure 10. 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 n=3 different experiments carried out in duplicate. * p<0.001 
vs all. 

IGF-1 directly and specifically binds to αvβ3 [101] inducing αvβ3-IGF1-IGF1R ternary complex 
[102], and our results confirm that direct binding of THs to integrin αvβ3 can interfere with IGF-1 
signaling on cell proliferation in BV-2 microglia as well as other cell types that express αvβ3 [31,100]. 
Further, inhibition of interaction of αvβ3 integrin by addition of either RGD, tetrac or echistatin to 
the combination of T4 and IGF-1 completely reversed the effect of the hormone on the IGF1-induced 
proliferation well in agreement with the finding that integrin αvβ3 is a membrane receptor for THs 
and a co-receptor for IGF-1 (Figure 11). 
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Figure 11. Effects of T4 (10-7 M; panel A), T3 (10-7 M; panel B) and inhibitors of integrin αvβ3 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 72 hours. Being the effect of THs on IGF-1 more evident at 
confluency, after 72 hours, we carried out the following experiments at this fixed time. Results are 
reported as mean ± SD of n=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. 

2.6. Signal transduction of BV-2 Proliferation Stimulated by IGF-1 and Thyroid Hormones: Role of MAPK 
and PI3K Pathways 

After evaluating the inhibitory effect of T4 and the role of integrin αvβ3 in cell proliferation, we 
wanted to verify the signaling pathways, MAPK and PI3K pathways, involved in this process by a 
pharmacological approach, because PI3K/Akt mediates both short- and long-term cellular responses 
to IGF-1 [103]. The results obtained were similar to those found in L6 myoblasts: IGF-1 stimulated 
cell proliferation, through PI3K, as already reported [100,104,105]. ERK inhibition, by PD98059, had 
no effect on IGF-1 or on cell counts but eliminated the inhibitory effect of T4 on cell proliferation of 
IGF-1 (Figure 12). By contrast, wortmannin completely prevented the cell proliferation by IGF-1 so 
that the cell counts remained at control level. These data confirm that the inhibitory effect of T4 on 
cell proliferation through integrin αvβ3 was mediated by MAPK as reported for L6 cells [100]. 

 

Figure 12. Effects of T4 (10-7 M; panel A), T3 (10-7 M; panel B) and inhibitors of MAPK (PD98059, 10 
μM) and PI3K (wortmannin, 100 nM) pathways on cell proliferation induced by IGF-1 (10 nM) after 
72 hours. Results are reported as mean ± SD of n=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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3. Discussion 

The present study is the first to demonstrate that THs, through integrin αvβ3, 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 and facilitate the initiation and 
maintenance of basic immunity and neuroinflammation [106,107]. Few studies show anti-
inflammatory potential of THs by their binding to membrane receptors such as the integrin αvβ3, or 
to specific nuclear TRs and triggering a nongenomic response such as cell migration, but also by 
modulating the activity of a variety of transcription factors [31,108,109]. In view of these findings, we 
aimed on defining the nongenomic mechanisms of TH in the modulation of BV-2 microglial cells 
under neuroinflammatory conditions.  

Previous studies have shown that integrin αvβ3 is highly expressed on activated cells under 
pathological conditions and is linked to inflammation [110–113]. In fact, expression of integrin αvβ3 
can be up-regulated by stressful signals in monocytes [114], and can be modulated by cytokines and 
ECM proteins in microglial cells [115]. We compared the expression of integrin αvβ3 in THP-1 
monocytes and BV-2 microglia under different pro-inflammatory stimuli. Our data show that only in 
BV-2 cells, LPS increases significantly the expression of the integrin αvβ3, partially reverted in 
combination with T3 and T4. These data indicate that integrin αvβ3 is up-regulated in BV-2 cells 
under LPS (1 μg/ml) stimulation and is required for microglial activation, however the inhibition by 
TH suggests an anti-inflammatory role of the hormone in the modulation of the response. 

TH is essential for normal brain development and different studies indicate that TH treatment 
show neuroprotective properties promoting tissue repair and nerve regeneration after brain injury 
[116–118]. The innate immune system is involved in every aspect of the wound healing process and 
is especially significant during the inflammatory stage [119], but the involvement of TH and its 
mechanism are not well understood [120,121]. 

The reported role of TH in wound healing in vivo, both in human and in animals, is also 
contradictory. Although some authors report improved rates and quality of wound healing in 
response to TH [122–130], others found no apparent TH-mediated changes in wound healing [131–
133]. 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 a modulator of 
inflammation like LPS, in fact, among other cells in the brain, microglia are the major LPS responsive 
cells [134]. 

The principal finding in the present paper 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: RGD and 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 resulted in a 
significant potentiation of the inhibitory effect of TH on LPS-induced cell migration. Mori and 
collaborators demonstrated that T3 stimulates microglial migration both in vitro and in vivo and the 
effect is mediated by the nuclear TR [109]. Our results indicate that THs, T3 and T4, are important 
signaling factors that affect microglial migration through various mechanisms, but the difference in 
the response probably depends on the signal transduction pathway activated, and are in general 
agreement with previous data from our lab on the crosstalk between T4 and MCP-1 in THP-1 
monocytes cell migration [31]. 

Among the first nongenomic effects of THs we recall the T3-induced stimulation of glucose 
transport in rat thymocytes by the activation of transporters whose number and affinity was not 
altered. The effect of TH was due to an increase of calcium ions and cyclic AMP (cAMP) [135]. A 
similar effect on the glucose uptake activated by IGF-1 was reported in L6 myoblasts from rat skeletal 
muscle by our group and was found to be mediated by integrin αvβ3 [100] with an involvement of 
cAMP (Incerpi et al., unpublished data). 

T3 and T2, an analog product of metabolism, inhibit the Na+/K+-ATPase in chick embryo 
hepatocytes. The inhibition is due to cAMP. We suggest that the ionic environment caused by the 
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inhibition of the Na+-pump may represent an immunologically privileged environment for the 
embryo able, in that way, to survive to a difficult situation such as hatching [2,136–138]. 

It appears that the ionic environment determined by the inhibition of the Na+/K+-pump is similar 
to the situation given by the activation of the α7 acetylcholine receptor (α7nAChR), the nicotinic 
receptor responsible for the vagal anti-inflammatory response [139]. Therefore the inhibition of the 
Na+-pump is aimed to stimulate an anti-inflammatory environment, also useful to save energy, being 
the work of the Na+-pump very expensive in energetic terms [52]. When the body is affected by some 
infection (PAMP) or injury (DAMP) it is important to keep the energy expenses low, thanks to the 
low levels of THs maintained by the high TSH, produced also locally by cells of the immune system, 
to give rise to the body reaction and anti-inflammatory response [52]. 

LPS stimulates cAMP/PKA pathway through the cyclooxygenase-2 (COX-2) and prostaglandine 
E2 (PGE2) and increases iNOS/NO [140]. LPS is also able to activate D2 the enzyme converting T4 to 
T3, increasing local T3 level. The increased level of T3 is able to reactivate the metabolism of the 
damaged cell and terminate the low metabolic phase to make the body at rest [52]. In our cells the 
effect on nitrite production increased by LPS and also by T3 in combination, and was inhibited by 
tetrac, suggesting the involvement of integrin αvβ3 as found also by other authors [51]. Has been 
shown that low intracellular T3 action has an anti-inflammatory effect by influencing macrophage 
polarization [141], but in our case the increased level of NO induced by LPS can affect microglia 
activation from a pro-inflammatory and neurotoxic M1 phenotype towards an inflammation-
resolving M2 phenotype. 

Cell migration is a complex, dynamic and integrated process involved in several physio-
pathological functions such as morphogenesis during development. In adults, cell migration plays a 
pivotal role in immune response and tissue-repair [74]. ROS are very important for cell migration as 
shown in different cell types including THP-1 monocytes [27,142]. Activation of plasma membrane 
NOX gives rise to superoxide production, converted to H2O2 and other ROS, necessary for the killing 
machine of the macrophages and other cells involved in the innate immune response. The reports 
concerning the action of THs in cells of the immune system, mainly mononuclear and 
polymorphonuclear leukocytes, indicate that TH stimulate their metabolic activity and oxygen 
consumption, thus TH may contribute to oxidative stress both in the short- and in the long-term range 
[29,30]. In light of the above results, we evaluated the cellular and molecular mechanisms involved 
in THs effects on ROS production; our results show that in BV-2 cells T4 increases 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 NOX [27]. From our results, it appears that T4 does not have any 
effect on the activation of NOS, we hypothesize that nongenomic actions of TH activate an important 
mechanism used by the host to maintain immune cell homeostasis only in response to bacterial-
mediated immune stimulation or cancer [32,51,143]. Particularly interesting it appears the result of 
wound closure in the presence of T4 and tetrac (Figure 6B) where the cell migration is below the 
control, this effect is not easy to explain. Tetrac and its nanoformulation have been reported to 
stimulate generation of mRNA of IL-11 [68], considered mainly an anti-inflammatory cytokine, this 
could explain also the strong effect of T4 in the presence of tetrac [67–70]. The same Figure 6 shows 
also that T4 was able to potentiate significantly the wound closure when given together with 
LPS+RGD (panel A) or LPS+tetrac (panel B). A similar potentiation of the inhibition of cell migration 
by TH and inhibitors of integrin αvβ3 was recently reported in THP-1 human leukemic monocytes 
[31]. 

As to the nitrite production modulated by LPS and THs, we may refer to the situation of the 
tanycytes, the cells lining the floor of the third ventricle as reported above. In this case LPS stimulates 
the D2, converting T4 to T3, the level of T3 may be able to increase the iNOS and nitrite production 
as already reported [51]. In this situation the nuclear receptors would not be involved. The role of 
integrin is evidenced by the effect of tetrac that significantly inhibited T3+LPS. The increased level of 
T3 would be controlled by pituitary TSH and kept low to start a phase of low metabolic activity to 
rest the body and give rise to the healing process via modulation of HPT axis [52]. 
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In addition to complex effects on somatic development and metabolism, THs are also able to 
modulate transduction of several cytokines and growth factor signals [144–148]. Previously, data 
from our lab demonstrated a crosstalk between THs and IGF-1 through integrin αvβ3 in L6 myoblasts 
from rat skeletal muscle [100]. We wanted to assess whether a similar interaction might be found also 
in BV-2 cells. 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 [94]. Therefore, we studied cell 
proliferation induced by IGF-1, a good example of a long-term effect that may start at the plasma 
membrane [1,100]. Our results show that in BV-2 microglia 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 of TH. Then signal transduction 
pathway of TH and IGF-1 crosstalk was studied by a pharmacological approach using inhibitors of 
PI3K and MAPK, since both signaling pathways mediate 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 PI3K) inhibited IGF-1 stimulation of cell proliferation, as expected; on the other hand 
PD98059 (an inhibitor of MAPK pathway) did not affect IGF-1 action but blocks the effect of T4 and 
confirm that the modulation of cell proliferation through integrin αvβ3 is mediated by MAPK 
pathway (Figure 11). The inhibitory effect by TH of cell proliferation stimulated by IGF-1 can be 
ascribed to the two domains of the receptor site for TH on αvβ3. The S1 domain binds T3 exclusively 
and when occupied by its ligand activates the signal transduction mediated by PI3K via Src kinase. 
The S2 domain binds both T4 and T3 and activates MAPK (specifically ERK1/2), with a higher affinity 
for T4 than the S1 or S2 sites have for T3 [149–151]. 

In silico molecular docking simulations carried out to better understand the interaction between 
T4 and integrin αvβ3 indicate that T4 mainly binds at the interface between αvβ3 integrin subunits 
in close proximity of the cell plasma membrane, a site different from the RGD binding site, that may 
stabilize the inactive conformation of the αvβ3 integrin [31]. This situation applies to our previous 
data [31] obtained in THP-1 human leukemic monocytes and the migration activated by MCP-1 as 
well as to the present data in BV-2 microglia cells and wound healing assay modulated by TH and 
LPS. In both cases we found a potentiation of the inhibitory effect of the hormone in the presence of 
either RGD or tetrac. These data, combined with previous quantum mechanical-molecular 
mechanical (QM/MM) molecular dynamics simulations revealed that T3, T4 and tetrac bind in two 
different modes, to two different sites, in one of which the phenolic ring binds along and deeper the 
integrin RGD binding pocket, while in the other binding site the phenolic ring binds to a site between 
the two integrin subunits [152]. Based on the calculated free energy, T3 has higher affinity for the 
integrin compared to T4. These results are in agreement with data of Freindorf and collaborators who 
suggested that an additional iodine atom in T4 may affect its interaction with the protein [152]. 
However since T4 is produced at higher (100X) concentrations with respect to T3 [153], it is positioned 
as the major endogenous ligand for the αvβ3 integrin [154]. This was confirmed by binding assays 
using a wide range of concentrations of both hormones [16,21,155].  

At the end, THs have been reported for many years able to bind nuclear receptors, the capability 
of these hormones to bind a plasma membrane receptor, the integrin αvβ3 reported in 2005 [16] opens 
a new scenery on a possible role of TH and its derivatives in cancer research and therapy. In addition, 
the integrin αvβ3 has been the first shown to bind not only proteins, but also small molecules, and 
taking into account the role of integrin in cancer development and progression we may envisage that 
in the next future there will be more and more research to focus this aspect. In conclusion, BV-2 
microglia cells behave in a similar way to THP-1 human leukemic monocytes toward two 
inflammatory factors LPS and IGF-1 and the TH gives a differential response, mild one versus IGF-1 
and a stronger one versus LPS [31]. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 July 2024                   doi:10.20944/preprints202407.1956.v1

https://doi.org/10.20944/preprints202407.1956.v1


 16 

 

4. Materials and Methods 

4.1. Cells in Culture 

Human leukemic THP-1 monocytes (TIB-202™) from American Type Culture Collection 
(Rockville, MD, USA) were maintained in suspension in 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 exhibit a large, round, single-cell morphology and derived from the peripheral blood of a 1-year-
old male with acute monocytic leukemia [156]. The THP-1 monocytes were passaged twice a week 
and subcultured at a concentration of 8x105 to 1x106 cells/ml in T25 culture flasks. Cells from passages 
n. 7-23 were used for the experiments [157,158]. 

The BV-2 cell line is derived from primary murine microglial cells immortalized by transduction 
with v-raf/v-myc expressing J2 retrovirus [159]. The cells were maintained in Dulbecco’s modified 
Eagle’s medium supplemented with 10% FBS and 100 μg/ml streptomycin and 100 U/ml penicillin in 
a humidified atmosphere of 5% CO2 and at 37°C. Confluent cultures were passaged twice a week by 
trypsinization and re-seeded in T25 culture flasks. 

4.2. 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), 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, echistatin from Echis 
carinatus, lipopolysaccharide (LPS, from Escherichia coli 0111:B4), DAPI (4′,6′-diamidino-2-
phenylindole), diphenylene iodonium (DPI), cumene hydroperoxide, dimethylsulfoxide (DMSO), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Nω-Nitro-L-arginine methyl 
ester hydrochloride (L-NAME) were supplied by Sigma-Aldrich (St. Louis, 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 (Grand Island, NY, USA). Monocyte chemoattractant protein-
1 (MCP-1) was obtained from PeproTech (EC, Ltd, London, UK). Sterile PBS, D-PBS, (Dulbecco’s 
phosphate buffered saline, without calcium and magnesium) was obtained from EuroClone (Milan, 
Italy). PD98059 (a selective inhibitor of 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 (Woburn, 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 (Waltham, MA, USA). 

4.3. Stock 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. Aliquots were 
maintained frozen and used during 30 days. 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. Aliquots of 
IGF-1 (2×10-5 M) were kept at -80°C and used during 3 months. The vial 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. Echistatin, RGD tripeptide (MW 346.34 g/mol) were 
dissolved in distilled water at the final concentration of 0.1mg/ml and 1 mM respectively 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 
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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 PI3K inhibitor (MW 428.4 g/mol) was dissolved in DMSO at the final 
concentration of 1 mM and kept 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. 

4.4. MTT Assay 

Cell viability and the possible cytotoxic effect of THs were evaluated 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) and THs at different concentrations were added to each well. Then MTT 
solution (5 mg/ml in PBS) was then 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) [160] was added and 
further incubation at 37˚C for 30 min in the dark was carried out. Cells were then re-suspended and 
the OD read with an ELISA-reader at 550-570 nm. 

4.5. Immunostaining and Confocal Microscopy 

BV-2 murine microglial cells were seeded in micro-slides. THP-1 human acute monocytic 
leukemia cells were deposited on a glass slide by centrifugation at 400 rpm for 5 minutes using a 
cytospin centrifuge. The cells were fixed with 4% formaldehyde, blocked with 1% BSA/PBS for 30 
min at RT and incubated with rabbit anti-integrin αv + β3 polyclonal antibody (bs-1310R) diluted 
1:50. A goat anti-rabbit Alexa Fluor® 546 (A-11010) was used as secondary antibody diluted 1:250. 
Nuclear DNA was counterstained with 5 μg/ml DAPI in PBS. Samples were covered with a coverslip 
containing mounting medium Vectashield H-1000 (Vector Laboratories) and observed with a CLSM 
Leica TCS SP5 attached to a Leica DMI6000 inverted microscope (Leica Microsystems). The confocal 
microscope was controlled by the Leica LAS software AF version 1.6.3 (Leica Microsystems). To 
analyze the fluorescence of the samples, laser wavelength Diode (405 nm) and HeNe (543 nm) 
were activated. 

4.6. Flow Cytometry Analysis 

BV-2 murine microglia cells and THP-1 human leukemic monocytes (1x106) 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 30 min on ice with 
a goat anti-rabbit Alexa Fluor® 488 (A-11008) secondary fluorescent antibody (diluted 1:50). After 
washing twice, the integrin αvβ3 cell population fluorescence profile was acquired using a CytoFlex 
flow cytometer (Beckman Coulter), and data were analysed with CytExpert software v.2.4 (Beckman 
Coulter). Unstained sample (autofluorescence) and a sample incubated with only secondary antibody 
were included as negative controls. Dead cells were excluded from analysis by propidium iodide (PI) 
staining. 

4.7. Scratch Wound Assay 

To analyze microglial migration, we carried out a scratch wound assay, following the protocol 
previously described [161]. 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 [162]. 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. First the cells were treated with the inhibitors of the 
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integrin for 20 min, then THs and after 30 min with LPS. 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 width was measured before the treatment and wound closure was 
calculated by dividing widths measured after incubation using ImageJ software. 

4.8. Intracellular ROS Determination 

The method used was a standard assay based on the intracellular fluorescent probe DCF [158]. 
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 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 
plus glucose. Before the experiments cells recovered at 37°C for 1 hour in the dark. Intracellular 
fluorescence was measured with a luminescence spectrometer LS 50B (Perkin-Elmer, Norwalk, CT, 
USA). 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 addition of hormone. Cumene hydroperoxide diluted in DMSO 
was used as a radical generator (final concentration 200 μM); DMSO, always below 1%, at the 
concentrations used did not affect the fluorescence signal. ROS production induced by THs and role 
of integrin αvβ3 was quantified by the change of intracellular DCF fluorescence, measured as ΔF/10 
min, and calculated with respect to the fluorescence change obtained by 200 μM cumene 
hydroperoxide (100%). None of the compounds tested gave rise to fluorescence on their own. 

4.9. The Griess Assay 

The measurement of nitrite production was carried out by the Griess assay, a common method 
for the indirect determination of NO by spectrophotometry. This assay requires that nitrates are 
firstly reduced to nitrite and then determined by the Griess reaction [163,164]. Herein, cells were 
seeded in a 24-multiwell and treated with LPS (1 μg/ml), thyroxine (100 nM), L-NAME (1 mM), tetrac 
(10 μM), RGD (10 μM). Nitrite concentrations was measured in BV-2 cells at 24 h at different time 
points, cell suspensions were removed and washed, while supernatants were frozen. In a 96-
multiwell plate, a known volume of premixed Griess reagent (1% sulfanilamide, 0.1% 
naphthylethylenediamine dihydrochloride and 2.5% H3PO4) was added to 70 μl of the supernatant 
of each sample. At the end of the reaction, absorbance was measured at 550 nm using ELISA reader 
(Packard Fusion Microplate Reader). The concentration of nitrite in the supernatants was evaluated 
by the calibration curve based on the known concentrations of sodium nitrite (NaNO2, 0-50 μM) 
reacted with the Griess reagent. 

4.10. Proliferation Assay 

Cells were seeded in 60×15 mm Petri dishes with DMEM supplemented as reported above and 
stimulated the day after the seeding with RGD, T4, and IGF-1. Cells were counted every 24 hours. 
The role of integrin αvβ3 on the proliferation of BV-2 cells was studied using integrin αvβ3 inhibitors: 
RGD peptide (10 μM), tetrac (10 μM) and echistatin (100 nM) a disintegrin from Echis carinatus. RGD 
peptide, tetrac and echistatin were pre-incubated 20 min before addition of T4 (100 nM) and IGF-1 
(10 nM). In addition, we studied PI3K and MAPK pathways by the use of the inhibitors wortmannin 
(100 nM) and PD98059 (10 μM) respectively, pre-incubated 20 min before addition of T4 and IGF-1. 
Cells were counted with an optical microscope with the Neubauer chamber after mild trypsinization 
[100]. 
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4.11. Statistical Analysis 

The results are reported as means ± SD and analyzed by one-way analysis of variance (ANOVA), 
followed by post-hoc Bonferroni’s multiple comparison test and in some cases the Student’s t-test was 
also applied. The analysis was carried out using the Prism 7 statistics program (GraphPad, San Diego, 
CA). Differences were considered significant at p<0,05. 

5. Conclusions 

Our data show for the first time: i) Upregulation of integrin αvβ3 expression by LPS in BV-2 
murine microglia, partially reverted by T3 and even more by T4; ii) THs facilitate wound healing in 
BV-2 microglia and the effect is mediated by integrin αvβ3, since the RGD peptide and tetrac 
potentiated the inhibition of migration as reported in THP-1 human leukemic monocytes; iii) NO, a 
marker of M1 activation of microglia, is stimulated also by T3, perhaps as reported for the tanycytes, 
where LPS activates D2 converting T4 to T3, whose increased level stimulates iNOS; iv) T3 and T4 
stimulate ROS production, cell proliferation and cell migration in wound healing assay in BV-2 
microglial cells. The effect is mediated by integrin αvβ3, as observed by the use of pharmacological 
inhibitors of αvβ3: RGD, tetrac, echistatin, as well as the inhibition of signaling pathways PI3K/Akt 
and MAPK; v) IGF-1 stimulates the proliferation of BV-2 microglia and the effect is inhibited by TH, 
as observed in other cell types. These data collectively suggest that THs and analogues play a critical 
role in mediating the anti-inflammatory, antioxidant, neuroprotective effects in activated microglia 
by mechanisms that are partly dependent on integrin αvβ3, its downstream signaling pathways, the 
crosstalk between nongenomic and genomic effects, but also by the local level of TH in some 
situations (viral , bacterial, tissue damage) may represent a critical factor for the anti-inflammatory 
and neuroprotective effect. At the end of the story a final message: TH or analogs supplementation, 
alone or as integrative therapy, could be beneficial in cases of infections or traumatic damage.  
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Abbreviations 

α7nAChRs α7 nicotinic acetylcholine receptors 
cAMP Cyclic AMP 
CNS Central nervous system 
COX-2 Cyclooxygenase-2 
CX3CL1 C-X3-C motif chemokine ligand 1 or Fractalkine 
CX3CR1 C-X3-C motif chemokine receptor 1 
DAMP Damage-associated molecular pattern 
DAPI 4′,6′-diamidino-2-phenylindole 
DCF Dichlorofluorescein 
DIO Deiodinase 
DPI Diphenylene iodonium 
ECM Extracellular matrix 
ERK1/2 Extracellular signal-regulated kinases 
ERα Estrogen receptor α 
HPT Hypothalamic-pituitary-thyroid axis 
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IFN-γ Interferon-γ 
IGF-1 Insulin-like growth factor-1 
IL Interleukin 
iNOS Inducible nitric oxide synthase 
L-NAME Nω-nitro-L-arginine methyl ester hydrochloride 
LPS  Lipopolysaccharide 
MAPK Mitogen-activated protein kinase 
MCP-1 Macrophage chemoattractant protein-1 
MTT 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide 
NO Nitric oxide 
NOX NADPH oxidase 
NTIS Non-thyroidal illness syndrome 
PAMP Pathogen-associated molecular pattern 
PGE2 Prostaglandine E2 
PI Propidium iodide 
PI3K Phosphatidylinositol-3-kinase 
RGD Arg-Gly-Asp 
ROS Reactive oxygen species 
rT3 Reverse-T3 
T2 3,5-diiodo-L-thyronine 
T3 3,3′,5-triiodo-L-thyronine 
T4 L-thyroxine 
Tetrac Tetraiodothyroacetic acid 
TH Thyroid hormone 
TNF-α Tumor necrosis factor-α 
TR Thyroid hormone receptor 
Triac Triiodothyroacetic acid 
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