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Maternal hyperthyroidism increases the synthesis activity and the osteogenic markers expression of calvarial osteoblasts from offspring in a murine model
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Abstract: To evaluate the characteristics and synthesis activity of osteoblasts extracted from the calvaria of offspring of rats exposed to maternal hyperthyroidism. Twelve adult Wistar rats were divided into two groups, one control and one treated with daily administration of L-thyroxine by an orogastric tube (50 µg/animal/day) during pregnancy. Three days after delivery and confirmation of the mothers’ hyperthyroidism, the offspring were euthanized for the extraction of osteoblasts from the calvaria. At 7, 14, and 21 days, proliferation activity was assessed using MTT assay, while alkaline phosphatase (ALP) activity was assessed by the BCIP/NBT method. At 21 days, the total area of the mineralized matrix stained by von Kossa was evaluated by morphometry. The expression of gene transcripts for Runx2, Bmp2, Fgfr1, collagen type 1 (Col1), osteocalcin (Oc), and osteopontin (Op) were evaluated by real-time RT-PCR. Means were compared using the Student’s t-test. FA activity was significantly higher at 14 and 21 days in cultures of osteoblasts extracted from offspring exposed to maternal hyperthyroidism, while MTT conversion was significantly lower at 21 days in this group. Osteoblast cultures of neonates exposed to maternal hyperthyroidism also showed a larger total area of mineralized matrix and greater expression of gene transcripts for Oc and Op. Maternal hyperthyroidism increases the activity of matrix synthesis, alkaline phosphatase activity, and expression of gene transcripts for osteocalcin and osteopontin in the osteoblasts, extracted from the calvaria of the offspring, which may be one of the mechanisms of premature fusion of cranial sutures.
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Introduction

Thyroid dysfunction can occur at any stage of life, but is common during pregnancy. Maternal hyperthyroidism has an estimated incidence of 0.2%, reaching up to 2.5% when cases of subclinical maternal hyperthyroidism are considered (Taylor et al., 2018). The two main causes of hyperthyroidism during pregnancy are Graves’ disease and transient gestational thyrotoxicosis, resulting from elevated human chorionic gonadotropin (HCG)(Krassas et al., 2010).

Under normal conditions, thyroid hormones (THs), represented by triiodothyronine (T3) and thyroxine (T4), cross the placenta into the fetal circulation in sufficient quantity to support fetal thyroid function, having critical action in all systems, particularly in bone formation and growth (Brent, 2000; Neale et al., 2007; Gouveia et al., 2018). However, excess thyroxine from the mother during pregnancy and lactation (maternal hyperthyroidism) causes several changes in the bones of animals and children (Springer et al., 2017; Andersen and Andersen, 2021).

Excess maternal thyroxine reduces the longitudinal growth of long bones, such as the femur and humerus, in rat pups at birth and weaning (Maia et al., 2016). Reduced endochondral bone growth in rats caused by maternal hyperthyroidism is associated with increased chondrocyte hypertrophy and reduced expression of angiogenic factors, such as vascular endothelial growth factor (Vegf), vascular endothelial receptor-2 (Flk-1), and tyrosine kinase receptor 2 (Tie2) (Ribeiro et al., 2018a, 2018b). The pathogenesis of endochondral growth alterations resulting from hyperthyroidism has been widely studied (Maia et al., 2016; Ribeiro et al., 2018a, 2018b) when compared to intramembranous growth alterations (Howie et al., 2016).

Intramembranous ossification is responsible for the formation of the skullcap or calvaria, scapula, ilium, and part of the clavicle (Leitch et al., 2020); however, the main consequences of excess thyroid hormones are observed in the skull (Carmichael et al., 2015), which is therefore the main study site. Craniofacial development begins at approximately four weeks of gestation in humans, with the distinct condensations of the mesenchyme (Leitch et al., 2020). Condensation and formation of intramembranous ossification centers occur continuously, forming bones that are called bony spikes, which in turn radiate progressively from the primary ossification centers towards the periphery, leading to the formation of immature trabecular bone, which is gradually replaced by the cortical bone, during birth (Jin et al., 2016). After birth, the cranial bones do not fuse immediately, remaining separated by sutures and fontanelles that allow the skull to expand during growth (Opperman, 2000; Leitch et al., 2020). The molecular mechanisms that regulate craniofacial development and postnatal growth depend on several signaling pathways that have not yet been fully elucidated. However, some of the main transcription factors involved have already been identified (Marie, 2008; Leitch et al., 2020).

Runx2 is essential for the differentiation of mesenchymal stem cells (MSCs) into osteoblasts, since inactivation of Runx2 inhibits the differentiation of MSCs into osteoblasts, with complete absence of intramembranous differentiation (Komori, 2020). In addition, Runx2 regulates several genes in osteoblasts, such as bone sialoprotein (SPO), osteopontin (OP), osteocalcin (OC), and type I collagen (COL1), that play an important role in the formation of the bone matrix (Marie, 2008). The expression and activity of transcription factors responsible for bone formation are regulated by hormones and growth factors, such as bone morphogenetic protein (BMP), fibroblast growth factor (FGF), and transforming growth factor beta (TGFβ) (Marie, 2008).

Although the effect of thyroid hormones on intramembranous ossification is poorly understood, there are several reports on bone changes, mainly craniosynostosis due to maternal hyperthyroidism (de Lima et al., 1999; Rasmussen et al., 2007) or hyperthyroidism acquired during growth in animals (O’Shea et al., 2003, 2005; Bassett et al., 2007) and children (Johnsonbaugh et al., 1978; Segni et al., 1999). Craniosynostosis is the premature fusion of one or more cranial sutures before the cessation of brain growth, which can lead to facial deformities and brain damage due to increased intracranial pressure (Twigg and Wilkie, 2015). Puppies of mice exposed to maternal hyperthyroidism have altered craniofacial morphology, with fusion of premature coronal suture and widening by compensatory growth of the sagittal suture, with high expression of Runx2 and alkaline phosphatase (Howie et al., 2016). In vitro, the addition of thyroxine to cultures of osteoblasts extracted from the calvaria of mice increased the expression of osteogenic markers such as alkaline phosphatase and osteocalcin at seven days of culture (Cray et al., 2013). In vitro studies with the addition of thyroxine in the culture medium do not consider the transformation of T4 into T3, the placental passage of the hormone, among other metabolic pathways. Therefore, the present study extracts osteoblasts from neonates born to mothers with hyperthyroidism.

To the best of our knowledge, this is the first study to investigate the synthesis activity and phenotype of osteoblasts extracted from the calvaria of rats exposed to maternal hyperthyroidism. The aim was to verify whether osteoblasts extracted from the calvaria of newborn rats exposed to maternal hyperthyroidism could present greater activity and be responsible for the premature fusion of the sutures. We hypothesized that craniosynostosis resulting from maternal hyperthyroidism occurs due to an increase in the synthesis activity and in the osteogenic markers expression of calvarial osteoblasts. Osteoblasts were subjected to measurement of MTT conversion, alkaline phosphatase, total area of mineralized matrix, and expression of gene transcripts for Runx2, collagen type I, Bmp2, Fgfr1, osteocalcin, and osteopontin, by real-time quantitative RT-PCR (RT-qPCR).

Materials and Methods

All procedures were approved by the Ethics Committee on Animal Use of the Federal University of Minas Gerais (protocol number 156/2020).

Mating and administration of thyroxine

Twelve two-month-old adult female Wistar rats were obtained from Central Vivarium at University Federal of Minas Gerais. All animals used in this study were specific pathogen-free (SPF).

Animals are housed at a density of four rats per cage on a 12-h light-dark cycle and received food and water ad libitum. The females of all groups were submitted to vaginal cytology and the rats in proestrus were housed in plastic cages with adult male rats for 12 h during the night. The next morning, vaginal smears were performed and gestation was confirmed by the presence of sperm in the vaginal cytology. That day was designated as gestation day 0, and rats were separated, randomly, into individual boxes, comprising the treated (n = 6) and control groups (n = 6).

The treated rats received daily administration of L-thyroxine (Sigma Aldrich, St. Louis, MO, USA), by an orogastric tube, at a dose of 50 µg/animal/day, diluted in 5 mL of distilled water according to previously established protocols (Serakides et al., 2004; Ribeiro et al., 2018a, 2018b) for the entire gestation period and for three days of lactation. The females of the control group received the same volume of distilled water, using an orogastric tube, during the entire experimental period. Three days after birth, three neonates were randomly selected from each mother to obtain osteoblasts. Euthanasia was performed by anesthetic overdose with ketamine (100 mg/kg) and xylazine (30 mg/kg) intraperitoneally. The mothers were euthanized by cardiac puncture, preceded by anesthesia with ketamine (40 mg/kg) and xylazine (10 mg/kg) intraperitoneally.

Confirmation of maternal hyperthyroidism

The functional thyroid status of the mothers was determined using plasma analysis of free T4. On the third day of lactation, when the osteoblasts were extracted from the neonates, the blood of the mothers was drawn with an anticoagulant (heparin), and the plasma was separated by centrifugation and stored at −20°C for the determination of free T4, which was performed using the chemiluminescence ELISA technique (sensitivity: 0.4 ng/dL) with commercial kits according to the manufacturer’s instructions (IMMULITE, Siemens Medical Solutions Diagnostics, Malvern, PA, USA).

The thyroids from neonates were fixed in 10% formaldehyde and later processed and embedded in paraffin. 3 μm-thick sections were stained using the hematoxylin-eosin technique. The height of the epithelium was measured in 20 follicles at four points equidistant from the follicle with the aid of the ImageJ 1.52 k program (National Institute of Health, USA).

Isolation and culture of osteoblasts

Isolation and culture of osteoblasts were performed according to a previously described protocol (Reis et al., 2015). After euthanizing the neonates, antisepsis of the head skin was performed with a solution of polvidone iodine and 70% alcohol. A line incision was made in the skin from the cervical region to the snout, exposing the calvaria. The calvaria was then removed, dissected, and washed with sterile 0.15 M phosphate buffered saline (PBS). Subsequently, the fragments were incubated with 0.5% trypsin (Gibco, Grand Island, NY, USA) for 15 min at 37°C and 5% CO2. Trypsin was discarded, and the fragments were incubated with 0.2% collagenase II (Sigma, St Louis, MO, USA) for 30 min at 37°C and 5% CO2. Treatment with collagenase II was repeated twice. The supernatant was collected and centrifuged for 5 min at 1400×g. The pellet was resuspended in T75 bottles with Dulbecco’s modified eagle medium (DMEM) low glucose (Gibco, USA), gentamicin (60 mg/L), penicillin (100 IU/mL), streptomycin (100 mg/mL), amphotericin B (25 mg/L), and 10% fetal bovine serum (Gibco, USA). The medium was changed twice a week.

After the third passage, osteoblasts were transferred, according to the type of assay, to 24-well plates (1 × 104 cells/well) or T25 bottle (25 × 104 cells/well), and the medium was replaced with osteogenic medium, composed of basal culture medium with ascorbic acid (50 µg/mL), β-glycerophosphate (10 mM), and dexamethasone (0.1 µM), and kept in an incubator at 37°C and 5% CO2. The sampling unit was composed of the cell pool of the three neonates from each mother, totaling six units per group for each of the assays described below.

MTT test

At 7, 14, and 21 days, samples from each group were subjected to the MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) conversion test. The culture medium was removed and osteoblasts were washed twice with sterile 0.15 M PBS solution. Osteogenic medium (210 µL) was added to 170 µL of MTT (Invitrogen, Carlsbad, CA, USA) (5 mg/mL). The plates were incubated at 37°C and 5% CO2 for 2 h. 210 µL of SDS-10% HCl was added. 100 µL from each well was transferred to a 96-well plate and measured using a spectrophotometer at a wavelength of 595 nm.

Alkaline phosphatase activity by BCIP/NBT method

At 7, 14, and 21 days, the culture medium was removed and osteoblasts were washed twice with 0.15 M PBS solution. BCIP/NBT solution containing alkaline phosphatase buffer (1 mL), NBT (nitro-blue tetrazoliumchloride) (4.4 mL), and BCIP (5-bromo-4-chloro-3′-indolyl phosphate p-toluidine salt) (3.3 mL) was added to each well. The plates were incubated at 37°C and 5% CO2 for 2 h. After incubation, 210 µL of 10% SDS-HCl solution was added to each well and the plates were incubated for 12 h in an incubator at 37°C and 5% CO2. Subsequently, 100 µL from each well was transferred to 96-well plates and measured using a spectrophotometer at a wavelength of 595 nm.

Determination of the total area of mineralized matrix

At 21 days, the wells were washed twice with 0.15 M PBS solution. The cells were fixed with 4% paraformaldehyde for 24 h. The cell culture were washed with distilled water and stained by von Kossa. Forty fields per repetition were photographed at 10× magnification and the images were analyzed with ImageJ version 1.45 s software to measure the total area of the mineralized matrix. Data were coded prior to analysis so that the treatment group was not identified prior to completion of the analysis.

Evaluation of gene transcript expression by real-time RT-PCR

At 21 days of culture, quantitative evaluation of gene expression of Runx2, Bmp2, Fgfr1, collagen type I, osteocalcin, and osteopontin was performed by real-time RT-PCR (RT-qPCR). Briefly, 1 µg of RNA was used for cDNA synthesis using the SuperScript III Platinum Two-Step qPCR kit with SYBR Green (Invitrogen). qRT-PCR was performed on a SmartCycler II thermal cycler (Cepheid, Carpinteria, CA, USA). The first amplification step of qRT-PCR was reverse transcription for 120 s at 50°C, followed by PCR with 45 cycles at 95°C for of 15 s and 60°C for 30 s. The fluorescence data were analyzed to obtain the CT values. Gene expression analyzed by the 2−ΔΔCT method, where sample values were calculated relative to the GAPDH Ct values. To assess the linearity and efficiency of qPCR amplification, standard curves for all transcripts were generated using serial dilutions of cDNA, in addition to the evaluation of the melting curve of the amplification products. Primers were designed based on the Rattus norvergicus mRNA sequence (Table 1).
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Statistical analysis

The design was entirely random, and for each variable, the mean and standard deviation (SD) were determined. The statistical assumptions of normality and homoscedasticity of variances were evaluated using the Shapiro–Wilk and Brown–Forsythe methods, respectively. Data that violated any of these assumptions were subjected to a logarithmic transformation. The data were subjected to Student’s t-test for comparison of means, assuming a 5% error rate, using the SigmaPlot computer package.

Result

Confirmation of maternal hyperthyroidism

Maternal hyperthyroidism was confirmed by the significant increase in plasma concentrations of free T4 in the treated group compared to that in the control group. In addition, hyperthyroid rats exhibited clinical signs characterized by hyperactivity and aggressiveness.

The thyroid follicles of newborn rats in the control group were covered by predominantly cuboidal epithelium and filled with dense and sometimes vacuolated colloid, while in newborns exposed to maternal hyperthyroidism, a predominance of follicles covered by flattened epithelium was observed, with a significant reduction in the height of the follicular epithelium when compared to the control group (Fig. 1).
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Figure 1: (A) Plasma concentrations of free T4 (mean ± standard deviation) of maternal rats in the control and hyperthyroidism-induced groups *P < 0.05 (Student’s t test). (B) Thyroid follicular epithelium height (μm) (mean ± standard deviation) of control neonate rats and rats exposed to maternal hyperthyroidism *P < 0.05 (Student’s t test).

Maternal hyperthyroidism reduces the MTT conversion in the osteoblasts of the offspring

At 7 and 14 days, there was no significant difference between groups. At 21 days, osteoblasts from newborn rats exposed to maternal hyperthyroidism showed lower MTT conversion compared to the control group (Fig. 2).
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Figure 2: (A) Photomicrograph of MTT reduction to formazan crystals. (B) Conversion of MTT to formazan crystals (mean ± standard deviation) in two-dimensional cultures of osteoblasts extracted from the calvaria of control neonate rats and rats exposed to maternal hyperthyroidism at 7, 14, and 21 days. *P < 0.05 (Student’s t test).

Maternal hyperthyroidism increases the alkaline phosphatase activity in the osteoblasts of the offspring

Alkaline phosphatase activity did not differ significantly between the groups after 7 days. However, at 14 and 21 days, osteoblasts extracted from newborn rats exposed to maternal hyperthyroidism showed significantly higher alkaline phosphatase activity than the control group (Fig. 3).
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Figure 3: (A) Photomicrograph of alkaline phosphatase activity by the BCIP/NBT method. (B) Alkaline phosphatase activity (mean ± standard deviation) in two-dimensional cultures of osteoblasts extracted from the calvaria of control neonate rats and rats exposed to maternal hyperthyroidism at 7, 14, and 21 days. *P < 0.05 (Student’s t test).

Maternal hyperthyroidism increases the matrix synthesis of osteoblasts of the offspring

At 21 days, cultures of osteoblasts from newborn rats exposed to maternal hyperthyroidism presented a significantly larger total area of mineralized matrix compared to the control group (Fig. 4).
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Figure 4: (A) Photomicrograph of culture of osteoblasts extracted from the calvaria of control neonate rats and rats exposed to maternal hyperthyroidism stained with von Kossa with increased total area of mineralized matrix at 21 days. (B) Total mineralized matrix area of osteoblasts extracted from the calvaria of control neonate rats and rats exposed to maternal hyperthyroidism at 21 days. *P < 0.05 (Student’s t test).

Maternal hyperthyroidism increases the expression of osteocalcin and osteopontin in the osteoblasts of the offspring

At 21 days, cultures of osteoblasts extracted from newborn rats exposed to maternal hyperthyroidism showed a significant increase in the gene expression of osteocalcin and osteopontin compared to the control group. There was no significant difference between the groups regarding the expression of Runx2, Bmp2, Fgfr1, and type I collagen (Fig. 5).
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Figure 5: Gene transcript expression (mean ± standard deviation) of Runx2, Bmp2, Fgfr1, collagen type I, osteocalcin, and osteopontin by real-time quantitative polymerase chain reaction (RT-qPCR) technique in osteoblasts extracted from the calvaria of control neonate rats and rats exposed to maternal hyperthyroidism at 21 days. *P < 0.05 (Student’s t test).

Discussion

In the current study, oral administration of L-thyroxine to adult female rats during the gestation period induced hyperthyroidism, as demonstrated by the significant increase in free T4. This result coincides with those of other studies, which were also successful in inducing hyperthyroidism during pregnancy (Silva et al., 2014; Maia et al., 2016; Ribeiro et al., 2018a, 2018b). Clinical signs also reinforced the success in inducing hyperthyroidism, since hyperactivity is an important clinical manifestation of hyperthyroidism in humans (Ahmed et al., 2008), and aggressiveness has already been reported in rats with induced hyperthyroidism (Silva et al., 2014; Ribeiro et al., 2018a, 2018b).

It is known that the plasma level of the mother’s thyroid hormones during gestation and lactation directly affects the thyroid function of the offspring, since the thyroid hormones are able to cross the placenta and reach the fetal circulation (Ahmed et al., 2008). The elevation of thyroid hormones in rats with induced hyperthyroidism is accompanied by elevated thyroid hormone levels in the offspring during the first three weeks of birth (El-bakry et al., 2010). In addition, maternal hyperthyroidism can alter the thyroid architecture of the offspring by decreasing the height of the epithelium lining. These changes become more pronounced with advancing age from day 1 to day 21 in postnatal pups (Ahmed et al., 2010). Thus, the decrease in the height of the epithelium of thyroid follicles in neonates at 3 days of age confirms the influence of maternal hyperthyroidism on the offspring.

The results of the present study demonstrate that maternal hyperthyroidism increases the matrix synthesis activity of the osteoblasts extracted from the calvaria of the offspring, as there was a greater total area of mineralized matrix, increased alkaline phosphatase activity, and increased gene expression of osteocalcin and osteopontin.

Alkaline phosphatase, an important marker of osteogenic differentiation, is one of the first enzymes expressed during mineralization. Although the mechanisms by which this enzyme exerts its functions are not well established, alkaline phosphatase is believed to be responsible for increasing the local concentration of inorganic phosphate, a mineralization promoter, and decreasing the concentration of extracellular pyrophosphate, an inhibitor of mineralization (Golub and Boesze-Battaglia, 2007). In addition to being an important marker, Nakamura et al. (2020) demonstrated that alkaline phosphatase also functions as a regulator of osteogenic differentiation, both by controlling the extracellular concentration of inorganic phosphate and by regulating the expression of Runx2.

Our results demonstrated that greater the activity of alkaline phosphatase and the expression of osteocalcin and osteopontin, greater the total area of mineralized matrix in cultures of osteoblasts extracted from neonates exposed to maternal hyperthyroidism. These results corroborate the changes observed in vitro, which demonstrated that the addition of thyroid hormones increases the synthesis activity of osteoblasts (Ohishi et al., 1994; Varga et al., 1997; Gouveia et al., 2001; Asai et al., 2009). The expression of non-collagenic proteins, including osteocalcin and osteopontin, is essential for the maturation and mineralization of the matrix, which is characterized in vitro by the formation of mineralized nodules. Osteopontin is an important phosphoprotein that has calcium-binding domains and is directly related to matrix mineralization. Osteocalcin, in turn, promotes bone matrix mineralization by regulating the growth of hydroxyapatite crystals, and is considered an important marker of well-differentiated osteoblasts (Roach, 1994; Nefussi et al., 1997). Thus, the increased synthesis activity of osteoblasts may be one of the mechanisms responsible for accelerating intramembranous growth, with early disappearance of sutures and premature fusion of the skull bones resulting from maternal hyperthyroidism.

The conversion of MTT to formazan crystals was lower in osteoblasts extracted from the group exposed to maternal hyperthyroidism at 21 days. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a widely used colorimetric assay for evaluating cell proliferation, cytotoxicity, and viability, which is based on the reduction of MTT to formazan crystals by metabolically active cells (Stockert et al., 2012; Präbst et al., 2017). Wang et al. (2004) demonstrated that MTT values correspond to the number of viable chondrocytes. Similarly, other studies have used MTT to assess osteoblast proliferation (Xu et al., 2012; Liu et al., 2016, 2017). Varga et al. (1997) demonstrated that the addition of T3 to osteoblasts in vitro decreased proliferation and stimulated osteoblastic differentiation, with increased expression of genes such as OC and ALP. The authors suggest that the decrease in proliferation was a consequence of T3-induced differentiation in osteoblasts. Osteoblast proliferation is inversely related to differentiation. Increased expression of gene transcription factors associated with mineralization (ALP, OC, and OP) negatively regulates proliferation (Stein et al., 1990; Lian and Stein, 1992). Thus, it is postulated that the reduction in the conversion of MTT to formazan crystals in the group exposed to maternal hyperthyroidism was due to decreased proliferation, associated with increased differentiation, as evidenced by the increase in the total area of mineralized matrix and the expression of osteocalcin and osteopontin.

Considering that Runx2 is an essential transcription factor for osteogenic differentiation (Komori, 2020), the expression of Runx2 also is expected to increase in the group exposed to maternal hyperthyroidism. However, in our study, the addition of thyroxine to cultures of osteoblasts from rat calvaria resulted in increased alkaline phosphatase activity and osteocalcin expression without increasing Runx2 gene expression. Nevertheless, the expression of Runx2 in a period prior to an increase in phosphatase and osteocalcin should be assessed in order to fully assess the possible increase in Runx2 (Cray et al., 2013). Runx2 is expressed in response to the signaling of BMP2, which is also an important factor expressed during osteogenic differentiation and mineralization (Marie, 2008; Chen et al., 2012), but like Runx2, there was no significant difference between groups at 21 days with respect to BMP2 expression.

In our study, there was no significant difference in the expression of Fgfr1 between the groups. On the other hand, the addition of T3 to osteoblast cultures increases the expression of Fgfr1 and Fgf2 and enhances FGF/FGFR activation (Stevens et al., 2003). Under normal conditions, FGF/FGFR signaling induces osteoblast differentiation and activity and plays an important role in the regulation of intramembranous ossification in the skull, and its alteration is an important cause of craniosynostosis (Ornitz and Marie, 2002; Rice et al., 2003). Since osteogenic differentiation is well established, Fgfr1 is downregulated (Iseki et al., 1999). However, it would be interesting to investigate the expression of the Fgfr1 transcript in the sutures of neonates born to mothers with hyperthyroidism and to investigate the expression of the protein and not only the gene transcript.

Thus, it can be concluded that maternal hyperthyroidism increases matrix synthesis activity, alkaline phosphatase activity, and expression of gene transcripts for osteocalcin and osteopontin in osteoblasts extracted from calvaria of the offsprings, which may be one of the mechanisms of premature fusion of cranial sutures.
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TABLE 1

Nucleotide sequence of primers for Real-Time RT-PCR

Gene Initiators (5’ to 3’ nucleotide sequences) Access number

Gapdh Forward:CAACTCCCTCAAGATTGTCAGCAA NM 002046
Reverse. GGCATGGACTGTGGTCATGA

Bmp2 Forward: AGTGACTTTTGGCCACGACG NM 006133
Reverse:GCTTCCGCTGTTTGTGTITTG

Type I Collagen  Forward:ACGTCCTGGTGAAGTTGGTC NM 60440
Reverse: CAGGGAAGCCTCTTTCTCCT

Osteocalcin Forward:CATCTATGGCACCACCGTTT NM 006028
Reverse:AGAGAGAGGGAACAGGGAGG

Osteopontin Forward: ATCTCACCATTCCGATGAATCT NM 0069766
Reverse: TCAGTCCATAAGCCAAGCTATCA

Runx-2 Forward:GCGTCAACACCATCATTCTG NM_004348
Reverse: CAGACCAGCAGCACTCCATC

Fgfrl Forward:CATCCCCAGAGAAAATGGAG NM_024146.1

Reverse: TTGTCAGAAGGCACCACAGA
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