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Abstract

:

Bone remodeling is essential for maintaining bone health. The imbalance between bone formation and bone resorption leads to bone diseases such as osteoporosis. Connexin43 (Cx43) is a gap junction molecule that plays an important role in bone homeostasis. The present study investigates the morphological characteristics of bone trabeculae and the distribution of Cx43 in bone cells using osteoporotic rat models to explore the relationship between osteoporosis and bone remodeling. Female Sprague–Dawley rats were divided into three groups: sham, ovarectomy with food deprivation (OVX+diet), and ovarectomy with steroid administration (OVX+steroid) for 3 and 12 months to induce osteoporosis. The lumbar vertebrae were processed for histomorphometric and immunohistochemical evaluation of the trabeculae and the distribution of Cx43 in bone cells. The data showed a significant reduction in trabecular bone in both osteoporotic groups. After 12 months, the OVX+diet treatment resulted in reduced mineralization and an increase in unmineralized bone. The percentage of alkaline phosphatase-positive areas in the OVX+diet vertebrae was lower at 12 months compared to the sham group. A significant increase in tartrate-resistant acid phosphatase (TRAP) positive osteoclasts was observed in the OVX+diet group. Both osteoporotic groups showed a decrease in Cx43-positive osteoblasts areas. An increase in the number of osteoclasts positive for Cx43 was detected in the OVX+diet group. The changes in Cx43 distribution in bone cells, together with trabecular mineralization, suggest that Cx43 may play a role in the progression of osteoporosis and could be a valuable target to improve bone remodeling.
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1. Introduction


Bone remodeling, a well-regulated process, represents the relationship between bone formation and resorption and reflects the dynamics of bone tissue under physiological and pathophysiological conditions [1,2,3]. Osteoporosis is a multifactorial disease characterized by a reduction in bone mineral density, leading to fragility and fractures [4,5], and it has a negative impact on public health and quality of life [6]. Osteoporosis is a disease that affects bone remodeling and is one of the most common bone diseases with a high clinical and economic burden. This osteoporotic phenotype is the result of an imbalance between bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts). The communication between these bone cells is of great importance for the bone remodeling process and is mediated via gap junctions [7].



Connexins are transmembrane proteins used as structural components of gap junctions and hemichannels. In humans, 21 members of the connexin family are identified, and they are involved in cell–cell communication and intracellular–extracellular exchange via gap junctions and hemichannels, respectively [8,9]. Connexin 43 (Cx43) is the most abundant gap junctional protein in bone cells, including osteoblasts and osteoclasts, and, therefore, a key player in the function as well as the development of these cells [2,8,10,11,12]. For physiological bone remodeling and skeletal homeostasis, Cx43 plays an important role in the proliferation, differentiation, and survival of bone cells [2,8,9,10]. During osteogenic differentiation of human mesenchymal stem cells (hMSCs), gene expression of Cx43 was increased in comparison to undifferentiated cells [13]. Interestingly, however, Cx43 gene expression depends on the calcium content of the cultivation medium and relatively increases with the extracellular calcium concentration [14].



Inhibition of Cx43 results in a reduced osteoblast differentiation potential, as indicated by the reduction in osteoblast-specific gene expression and decreased mineralization capacity [1,8,10,15]. In the cortical bone of Cx43-deficient mice, the expression of the osteoblastic genes, including osterix (Osx) and collagen I (Col1A1), was reduced, suggesting the importance of Cx43 for bone formation [16]. Along the line, the Cx43 deletion in mice embryos reduced osteoblast differentiation and delayed ossification [15], whereas Cx43 knockout on osteoblasts reveals a thinner cortical bone with an increased porosity and disorganized collagen fibers [16]. Concomitantly, gap junctions mediate signals involved in the bone resorption process [17], and Cx43 seems to play a major role in osteoclast performance. Studies have revealed that the expression of Cx43 was strongly upregulated at the beginning of osteoclastogenesis [18,19,20]. In addition, a large group of evidence has reported that Cx43 plays an important role in the fusion and clustering of monocyte-like precursor cells into osteoclasts [2,16,21]. Accordingly, the inhibition of Cx43 results in reduced precursor fusion and decreased resorption activity of osteoclasts [8]. In cell culture, the inhibition of Cx43 leads to direct negative effects of osteoclasts with reduced formation, fusion, and resorption [1]. In contrast, in vivo deletion of Cx43 in mouse models results in an increased osteoclast number and increased resorption activity [1,16]. These different results could be explained by either an indirect effect or communication with other bone cells in vivo [1], highlighting the importance of Cx43 in bone remodeling.



Bone remodeling in the course of osteoporosis can be studied in various animal models, especially in the ovariectomized rat (OVX rat) [22,23]. The presented study analyzed the relationship between osteoporosis status and bone remodeling with special regard to Cx43. The models used in this study, including a combination of OVX with either a multiple-deficient diet or glucocorticoid therapy, were previously described in detail [24,25,26,27,28,29]. In the present study, an in vivo histomorphometric evaluation of the trabecular components, including osteoid and mineralization following 3 and 12 months post-osteoporosis induction with special regard to the distribution pattern of Cx43 in bone-forming and -resorbing cells of the osteoporotic rat.




2. Materials and Methods


2.1. Animals


The study was performed according to the institutional regulations and German animal protection laws. All experiments were approved by the ethical commission of the local government institution (permission number: 89/2009).



The rat models currently in use were part of the subproject T1 of the collaboration research center Transregio 79 (materials for regeneration of systemically altered bone) as previously described [24,25,26,27,28,29]. Female Sprague–Dawley rats, eight weeks old, were divided into three experimental groups: sham-operated (control), ovariectomy with diet deficiency (OVX+diet), and ovariectomy with steroid administration (OVX+steroid). The surgical operations were performed when the rats were 14 weeks old. Two weeks later, the rats were either fed on a specific diet or given steroids. The OVX+diet group was fed a diet deficient in calcium, phosphorus, vitamin C, and vitamin D2/D3 (Altromin C1034, Altromin Spezialfutter GmbH, Lage, Germany) for 3 and 12 months. In the OVX+steroid group, rats were administered a glucocorticoid via intramuscular injection (0.3 mg/kg body weight dexamethasone-21-isonicotinate, Voren-Depot, Boehringer Ingelheim, Germany) every two weeks. The rats were euthanized after treatment periods of 3 and 12 months (n = 6 for each time point and each group, in total n = 36 animals).




2.2. Tissue Collection


The L4 vertebrae were dissected and fixed in 4% paraformaldehyde (PFA, Carl Roth, Karlsruhe, Germany) in sodium phosphate buffer with a pH of 7.2 for 24 h. Then, the specimens were cut in half and kept in 4% PFA for an additional 48 h. One half was embedded in Technovit 9100, while the other half was processed for paraffin embedding.




2.3. Undecalcified Technovit 9100 Embedding


The PFA-fixed specimens were dehydrated using a gradual increase in ethanol concentrations followed by a 24 h incubation in 99.8% p.a. xylol (Carl Roth, Karlsruhe, Germany). A three-step pre-infiltration with Technovit 9100 (Heraeus Kulzer, Wehrheim, Germany) was conducted and modified according to the manufacturer’s protocol. During pre-infiltration 1 (xylol/Technovit® 9100 (stab.) (1:1), a vacuum of 200 mbar was applied several times for 10 min each. The evacuation procedure was repeated during pre-infiltration 2 (Technovit® 9100 Basic (stab.) + Hardener 1; 72 h at room temperature) and pre-infiltration 3 (Technovit® 9100 (destab.) + Hardener 1 at 4 °C). To perform the infiltration, Technovit® 9100 (destab.) + Hardener 1 were mixed with PMMA powder (Polymethylmetacrylat, EXAKT Apparatebau, Norderstedt, Germany) at 4 °C, and the specimens were incubated for five days. The thin-section manufacturing was prepared following the procedure described by [30].




2.4. Masson–Goldner Trichrome Staining


The thin sections embedded in undecalcified Technovit 9100 (n = 2 per animal) were stained using a modified Masson–Goldner trichrome staining method. Specifically, the sections were incubated with Goldner solution 1 (Ponceau de Xylidine and acid fuchsin) for 5 min, followed by Goldner solution 2 (Carl Roth GmbH, Karlsruhe, Germany) for 3 min, and finally Goldner solution 3 for 2 min. Washing steps with 1% acetic acid were carried out between each dyeing step. The thin sections were processed through a series of ascending alcohol concentrations and then were subsequently embedded with Roti®-Histokit (Carl Roth GmbH, Karlsruhe, Germany).




2.5. Decalcification and Paraffin Embedding


One-half of L4 from all animals was decalcified using ethylene diamine tetra-acetic acid (EDTA, Sigma-Aldrich, Steinheim, Germany, pH = 7.4) for three weeks with a change in EDTA twice a week. After decalcification, the specimens were washed under running water and then incubated with PBS for 48 h afterward. The embedding was conducted with paraffin (Paraplast®, Sherwood Medical, St. Louis, MO, USA) using an embedding machine (Leica EG 1150c, Leica, Wetzlar, Germany). Thin 5 μm paraffin sections were obtained using a rotation microscope (LEICA RM 2155, LEICA Instruments GmbH, Nussloch, Germany) and a microtome (Leica 819, Leica instruments GmbH, Nussloch, Germany).




2.6. Hematoxylin–Eosin (HE) Staining of the Paraffin Sections


The paraffin sections were incubated in xylol for 10 min and then were processed through descending alcohol series for the removal of paraffin. Using Hämalaun (Mayer’s Hämalaunlösung, 9249, Merck, Darmstadt, Germany) for 5 min and 30 s 1% eosin (Certistain®, Eosin G, Merck, Darmstadt), the staining was performed, and the sections were covered with Entellan® (Merck, Darmstadt, Germany). The staining was photographed with Axiophot (Carl Zeiss Micro Imaging, Goettingen, Germany) in combination with DFC 320 (Leica Microsystems, Bensheim, Germany).




2.7. Picrosirrus Red (PSR) Collagen Staining


The paraffin sections were cleared twice in xylol for 10 min, then were dehydrated with descending alcohol concentrations for three min each. Sections were washed in distilled water for 3 min, then incubated with PSR (ScyTek Laboratories, Inc., Logan, UT, USA) for 60 min. The sections were washed twice in 0.5% acetic acid for 10 sec each. The sections were dehydrated twice in 96% alcohol for 3 min, then cleared in xylol for 3 min. The staining was performed, and the sections were covered with Entellan® (Merck, Darmstadt, Germany). The staining was photographed using Axiophot (Carl Zeiss Micro Imaging, Goettingen, Germany) in combination with DFC 320 (Leica Microsystems, Bensheim, Germany). To differentiate collagen I (red) and collagen III (green) in polarized images, we used a Leica DM2500 microscope operated with LAS X software version 3.7.4.23463 (Leica MicrosystemVertrieb GmbH, Wetzlar, Germany).




2.8. ALP Staining


Alkaline phosphatase (ALP) staining of paraffin sections was performed to visualize the osteoblast activity (n = 2 sections per animal). The sections were deparaffinized in xylol, rehydrated twice with 100% ethanol for 5 min, and then processed in descending alcohol concentrations for 5 min, followed by washing in distilled water. After marking the sections with a waterproof pen, they were incubated in 0.1M Tris/HCL buffer (pH 9.4) for 10 min. Sections were stained by incubating them with BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (nitro blue tetrazolium, Calbiochem 203790, Merck Milipore, Darmstadt, Germany) at 37 °C for 2 h. After being washed twice in distilled water for 5 min, the sections were mounted with a glass coverslip using Kaiser’s glycerol gelatin (Carl Roth, Karlsruhe, Germany).




2.9. TRAP Enzymatic Staining


Tartrate-resistant acid phosphatase (TRAP) enzymatic staining (n = 2 per animal) was conducted for the detection of osteoclast activity. Paraffin sections were deparaffinized as already described in Section 2.7 and then were incubated in 0.1 M sodium acetate (Merck, Darmstadt, Germany) at room temperature for 10 min. The following TRAP staining solution was prepared by dissolving 35 mg Naphthol-AS-TR-phosphate (Sigma-Aldrich, Steinheim, Germany) in 125 μL disodium salt (DMF, (Sigma-Aldrich, Steinheim, Germany) plus 35 mg Fast Red TR salt (Sigma-Aldrich, Cat-Nr. N6125-100MG, Steinheim, Germany) in 12.5 mL of 0.1 M acetate buffer (pH 5.2) (Sigma-Aldrich, Steinheim, Germany) and 57.5 mg Na tartrate (Sigma-Aldrich, Steinheim, Germany) in 12.5 mL of 0.1 M acetate buffer (pH 5.2). The solution was filtered, and the sections were incubated at 37 °C for 1 h. Afterward, the sections were rinsed in distilled water, then were counterstained with hematoxylin for 5 s using (Shandon instant hematoxylin kit, Cat.-Nr. 6765015, Thermo Fisher scientific, Schwerte, Germany). The slides were washed in running tap water for 5 min, followed by mounting with Kaiser’s glycerol gelatin (Carl Roth, Karlsruhe, Germany).




2.10. Connexin 43 Immunohistochemistry


L4 paraffin sections for Cx43 immunohistochemistry (n = 2 per animal) were deparaffinized and then washed in distilled water for 5 min. The sections were circled with a waterproof marker pen, and then the endogenous peroxidase was blocked in 3% hydrogen 210 peroxide (H2O2, Carl Roth, Karlsruhe, Germany) in TBS (Tris-buffered saline, Sigma-Aldrich, Steinheim, Germany) for 5 min. The sections were washed twice in TBS, each for five min, and were incubated with a mouse monoclonal primary antibody targeting the Connexin 43 (Invitrogen Cat.-Nr. 13-8300, Thermo Fisher Scientific, Schwerte, Germany). The sections were then incubated with primary antibody diluted 1:50 in a humidified chamber overnight at 4 °C. The slides were washed in TBS three times for 5 min. The primary antibody was detected using anti-mouse HRP (Horseradish peroxidase conjugate, DCS, Hamburg, Germany) for 20 min at room temperature, followed by washing twice in TBS and distilled water for 5 min. The staining was developed by incubation with DAB-2 components/chromogen-kit (DCS, Hamburg, Germany) for 15 min, followed by washing four times in distilled water for 5 min. Sections in parallel were incubated without primary antibodies and served as negative controls. Hematoxylin was used as nuclear counterstaining (Shandon instant hematoxylin kit, Cat.-Nr. 6765015, Thermo Fisher scientific, Schwerte, Germany), followed by a washing step in tap water for 5 min and mounting with Eukitt mounting medium (Sigma, Taufkirchen, Germany).




2.11. Imaging and Figure Reconstruction


All staining carried out from Masson–Goldner trichrome staining at undecalcified Technovit 9100 sections, as well as ALP, TRAP, and Cx43 staining of decalcified paraffin sections), were micro-photographed using a light microscope (Axiophot, Carl Zeiss Micro Imaging, Goettingen, Germany) provided with digital camera DFC 320 (Leica microsystems, Bensheim, Germany). For each section, the vertebral body was photographed in 8–10 individual images at 5× objective. The images were reconstructed in one image for the morphometric evaluation using the photomerge tool of the Adobe Photoshop software CS6 Extended version 13.0 ×64.




2.12. Histomorphometric Analyses


For all histomorphometric analyses, the total surface area of the vertebral body was selected as the region of interest (ROI). The analyses were performed with Photoshop software (Adobe Photoshop software CS6 Extended). By means of Masson–Goldner staining, the trabecula surface area within the ROI (indicated in %) was measured. Furthermore, the mineralized fraction of the trabecula (green colored with Masson–Goldner) and the unmineralized osteoid fraction (red colored) were quantified and indicated in percentage per trabecula area. Quantification of the ALP staining in osteoblasts and the corresponding osteoblastic Cx43 signals of the vertebral bodies was performed by marking the positively stained areas. The measured positive areas were divided by the total area of the whole vertebral body (ROI). The percentage of ALP- and Cx43-positive areas from the total area of the vertebral body was calculated. The TRAP staining of osteoclasts, as well as the Cx43-positive osteoclasts, were analyzed via a manual counting of the cells (number, n) per total area of the vertebral body (ROI). Osteoclasts were recognized as multinucleated cells. The cells containing a minimum of three nuclei were counted. Collagen density was quantified in ten random microscopic fields (n = 6 per group) for all experimental groups using ImageJ 1.53a software (Wayne Rasband, National Institutes of Health, USA).




2.13. Statistical Analysis


The data collected to evaluate the effect of treatment (sham vs. OVX+diet vs. OVX+steroid) at different time points (3 months vs. 12 months) were analyzed using a two-way ANOVA. Specifically, the percentage of trabecular area per ROI, mineralized area per trabecular area, osteoid per trabecular area, ALP-positive area per ROI, and Cx43-positive osteoblast area per ROI (%) were analyzed. The number of TRAP-positive osteoclasts per ROI and Cx43-positive osteoclasts per ROI (n) were determined for all 36 animals. To quantify collagen density in the trabecular bone for all experimental groups at 3 months and 12 months, we conducted a two-way ANOVA. The statistical analyses were performed using Graph Pad Prism (version 6.07, Graph Pad Software Inc.). The data are presented as mean ± SD, and p ≤ 0.05 was considered to be statistically significantly different.





3. Results


3.1. Alterations in Bone Architecture in the Osteoporotic Rat


The histologic profile of the L4 in the sham group demonstrated preserved trabecular structure over time, as shown by hematoxylin–eosin staining. The trabeculae were formed of a thick, continuous structure, even with a connection to the corticalis at both time points (Figure 1a,d). In contrast, the vertebrae of the two experimental groups (OVX+diet and OVX+steroid) exhibited clear morphological alterations of the trabeculae. At 3 months, the OVX+diet vertebrae showed fewer and thinner trabeculae, along with an abundance of adipocytes in the bone marrow, compared to the sham group. After 12 months, the trabecular structure was severely disrupted, and an incomplete trabecular network was observed, with the marrow cavity loaded with adipocytes (Figure 1b,e). The OVX+steroid group exhibited similar morphological changes with a thin trabecular network at 3 months. At 12 months, these observations were more prominent at 12 months in terms of an increase in short truncated trabeculae, some of which were completely lost in certain areas, together with a marked replacement of the medullary space with adipocytes (Figure 1c,f). To evaluate the collagen contents of the trabeculae for both experimental groups, picrosirrus red (PSR) staining was carried out. The results showed a significant reduction in the collagen staining intensity for both the OVX+diet and OVX+steroid groups compared to the sham group at both 3- and 12-month time points (Supplementary Figure S1b–f). The polarized microscope revealed a higher amount of collagen type III in the OVX+diet group after 3 months compared to both the sham and OVX+steroid groups (Supplementary Figure S1g–l). To assess the morphologic observations, the density of collagen content was quantified. Data analysis showed a significant reduction in the collagen contents of the bone trabeculae in the OVX+diet (p < 0.01)- and OVX+steroid (p < 0.001)-treated groups compared to the sham group at 3 months and 12 months. Additionally, there was a significant decrease in collagen content in the OVX+steroid group (p < 0.001) compared to the OVX+diet group after 3 months. A reduction in collagen content was also observed in all experimental groups, including the sham group (p < 0.001), when comparing 3 months to 12 months of treatment (Supplementary Figure S1m).



The change in the trabecular structure of the osteoporotic groups was even more evident after Masson–Goldner staining was carried out. A significant reduction in trabecular lamellae was observed between 3 and 12 months in the OVX+diet and OVX+steroid groups (Figure 2a–d). Furthermore, histomorphometry revealed that the trabecular area represented 42% of the ROI in the 3-month sham group. The OVX-diet and OVX-steroid groups exhibited a reduction of up to 50% in trabecular bone per ROI (p < 0.001) at 3 months compared to the sham group (Figure 2e). At 12 months, the OVX+steroid group showed a reduction in trabecular area (p < 0.001) compared to the sham group. There was no significant change in the trabecular area observed in the OVX+diet group when comparing 3 and 12 months. In contrast, a massive reduction in trabecular area in the OVX+steroid group at the 12 months was observed (p < 0.001 and p < 0.05) compared to both the sham group and the OVX+diet group at the same time point, respectively. Furthermore, the OVX+steroid group showed a time-dependent reduction in trabecular area (p < 0.05) when comparing the 3-month with 12-month measurements (Figure 2e).




3.2. Mineralization Capacity of the Trabecular Surface in the Osteoporotic Rat


The mineralization capacity of all groups was analyzed using histomorphometry. The histological profile, as shown by Masson–Goldner staining, revealed complete mineralized trabecular contents in the sham group at both 3- and 12-month time points (Figure 3a,d). In comparison to the sham group, the OVX+steroid group exhibited thin mineralized trabeculae at 3 months and less mineralized disconnected trabeculae at 12 months (Figure 3c,f). In the OVX+diet group, focal areas of unmineralized trabeculae (osteoid) were observed at 3 months and became more apparent after 12 months in the same group (Figure 3b,e). Morphometric measurements revealed a reduction of approximately 20% in the mineralized contents of the trabecular surface area in the animals of the OVX+diet group after 3 months. At 12 months, the OVX+diet group exhibited a 50% reduction in the mineralized contents (p < 0.001) compared to the sham and OVX+steroid groups (Figure 3g). The analysis showed a significant increase in the percentage of osteoid components in the trabeculae of the OVX+diet group at 3 and 12 months (p < 0.001) compared to the other experimental groups (Figure 3h).




3.3. ALP Enzyme Histochemistry of Osteoblasts


The study examined the alkaline phosphatase (ALP) activity of osteoblasts as an indicator of their bone formation capacity. In the sham group, intense positive ALP staining was detected in the entire osteoblast area on the trabecular surface at 3 and 12 months (Figure 4a,d). ALP-positive staining was detected in the OVX+diet and OVX+steroid groups; however, the distribution pattern was significantly less pronounced compared to the sham group at 3 and 12 months. The ALP-positive staining showed disconnected stripes-like focal dots scattered along the surfaces of the trabecular bone (Figure 4b,c,e,f). Upon analysis of the positively stained area indicating ALP activity in relation to the trabecular surface (Figure 4g), the data revealed that approximately 0.9% of the trabecular surface was covered with positive ALP staining at 3 and 12 months in the sham group (Figure 4a,d). After 3 months, the staining was markedly reduced in both the OVX+diet and the OVX+steroid groups to 0.67% and 0.7%, respectively. After 12 months, the percentage of ALP-positive area decreased significantly up to 0.4% in the OVX+diet vertebrae (p < 0.001) compared to the sham group (Figure 4h). Although there were lower ALP activities in the OVX+steroid group, no statistical significance could be detected compared to the sham group.




3.4. TRAP Activity of Osteoclasts by Enzyme Histochemistry


Multinucleated TRAP-positive osteoclasts were identified along the trabecular surfaces. Positive cells with more than three nuclei were considered TRAP-positive osteoclasts. The enzyme histochemical staining showed less TRAP staining in the sham group at 3 and 12 months (Figure 5a,d). In contrast, the OVX+diet and OVX+steroid groups showed more intensive TRAP-positive staining at 3 and 12 months, indicating the presence and distribution of osteoclasts (Figure 5b,c,e,f). The number of TRAP-positive osteoclasts at the bone surface was significantly higher in the OVX+diet group (p < 0.001) compared to the sham and OVX+steroid groups at both time points (Figure 5g). No significant differences were found between the sham group and OVX+steroid groups at both time points (Figure 5g).




3.5. Cx43 Immunohistochemistry of Osteoblasts and Osteoclasts


Immunohistochemistry was used to determine the distribution of Cx43 in osteoblasts and osteoclasts (Figure 6a–c). Cx43 staining was observed in the cytoplasm of osteoblasts that covered the trabecular surface (Figure 6a). In osteoclasts, both cytoplasmic and membrane-bound Cx43 staining were detected (Figure 6b). The histological observation showed a significant increase in Cx43-positive signals in osteoblasts of the sham group (Figure 6d,g). In contrast, a marked reduction in Cx43 signals was observed in both experimental groups (Figure 6e,f,h,i). To confirm our histological observations, the percentage of Cx43-positive osteoblast area per trabecular surface was measured. The data analysis revealed an increase in the distribution of Cx43-positive osteoblasts area in the sham groups at 3 months (p < 0.05 and p < 0.01) compared to the OVX+diet and OVX+steroid groups, respectively. Although it was not significant, it is worth mentioning that the Cx43-positive osteoblasts area was reduced in all groups at 12 months compared to 3 months post-treatment (Figure 6j). Additionally, the number of osteoclasts positive for Cx43 was increased in the OVX+diet group at both time points (p < 0.001 and p < 0.001) compared to the sham group. When comparing the two treated groups, an increase in the number of Cx43-positive osteoclasts was only detected in the OVX+diet group at 12 months (p < 0.001) compared to the OVX+steroid group (Figure 6k).





4. Discussion


Selecting appropriate animal models for osteoporosis offers beneficial outcomes for understanding the disease´s mechanism, assessing biomaterials, and investigating fracture implants [24,25,26,27]. The present data demonstrate a reduction in trabecular composition in both experimental groups (OVX+diet and OVX+steroid), including various degrees of reduced mineralization and increases in unmineralized bone (osteoid). Furthermore, both osteoporosis induction approaches reduced the area of ALP activity per trabecula that was combined with decreased Cx43 signal in osteoblasts as well as increases in the number of Cx43-positive osteoclasts compared to the sham group. These data revealed that the alterations in Cx43 distribution among bone cells, coupled with changes in trabecular structure, suggest that Cx43 may contribute to the progression of osteoporosis and could serve as a valuable target for understanding the disease mechanism and enhancing bone remodeling.



The study data show that the trabecular surface area was significantly reduced in both experimental groups, similar to the condition of osteoporosis. Previous reports have concluded that osteoporosis leads to weaker bone strength [31] and a higher risk of fractures [32,33]. The present study revealed time-dependent differences in trabecular surface area between 3-month and 12-month groups. The sham group had a higher trabecular surface area initially but experienced a decrease from 3 to 12 months. Both groups induced with osteoporosis showed a significantly reduced trabecular surface area compared to the sham group. Furthermore, both the OVX+diet group and the OVX+steroid group exhibited a reduction in collagen density, in addition to trabecular loss, when compared to the sham group. This confirms other studies that demonstrated a decrease in trabecular area in the OVX+diet group in other vertebrae over this period [24]. Interestingly, an increase in trabecular area in the 3-month OVX+diet group was detected in the longitudinal bone of the femur and tibia [25]. The differences in results may be related to the different bones analyzed. A study found that physiological trabecular bone remodeling in rats results in decreased longitudinal bone growth, which begins 3–6 months later in longitudinal bones compared to vertebral bones [23]. The OVX+steroid group showed the most significant decrease in the trabecular area for up to 12 months compared to all other groups and time points. This reduction in the context of glucocorticoid-induced osteoporosis was also demonstrated with other parameters in the femur of rats [27]. By means of the µCT analysis, a reduction in the relative bone volume (%) in the femur of the rats with glucocorticoid-induced osteoporosis was previously reported [27]. In agreement with the present results, it has been found that corticosteroids alter bone metabolism, resulting in decreased bone formation and increased bone loss, similar to that observed in osteoporotic patients [34].



The evaluation of mineralization capacity and osteoid content showed that OVX+steroid group values are within the range of the sham group for both parameters. The data suggest enhanced bone loss in the OVX+steroid group rather than bone demineralization. A similar study has reported increased bone resorption with corticosteroid treatment in osteoporotic patients [34]. However, the OVX+diet group has a significantly reduced mineralization capacity, resulting in a significantly increased osteoid content. The presented results demonstrate distinct alterations in bone status, particularly in the OVX+diet group, similar to that observed in osteoporosis. These alterations include loss of trabecular surface, reduction in collagen content, and low mineralization capacity. In agreement with our results, it was concluded that such observed alterations in the OVX+diet group result from impaired bone remodeling, which is characterized by increased bone resorption and reduced bone formation [35]. In addition, the increased osteoid contents in OVX+diet have also been confirmed for other vertebrae [24] and femur of rats [26]. In the same line, the absence of estrogen as shown in the postmenopausal osteoporosis, combined with a deficiency in nutritional supplements for calcium, phosphorus, and vitamin D, enhances the process of bone demineralization in the OVX+diet condition. Previous studies revealed that estrogen deficiency enhanced bone fragility and reduced bone mineral density in OVX rats [36,37]. Moreover, the bone morphometric analysis exhibited a reduction in the trabecular number, thickness, and connectivity in OVX rats [38]. The data recommend that the OVX+diet rat model shows a clinical form similar to that observed in osteoporosis patients.



It is well established that gap junctions mediate the communication between the bone cells, specifically osteoclasts and osteoblasts, and Cx43 is the primary structural protein of gap junctions in bone [2,10,39]. A significant body of evidence has demonstrated the crucial role of Cx43 in maintaining healthy bone cells [39,40,41]. The purpose of this investigation is to evaluate the distribution pattern of Cx43 in the bone cells of osteoporotic rat models and to determine whether osteoporosis induction has a significant impact on Cx43 distribution. In the present study, the treatment of rats resulted in clear changes in Cx43 detection. After 12 months, a significant reduction in Cx43-positive osteoblasts was detected in both the OVX+diet and OVX+steroid groups. A moderate reduction was already demonstrated at an early stage of 3 months compared to the sham group. In addition, the reduced mineralization capacity in the OVX+diet was combined with the reduction in Cx43-positive areas and lower ALP activity. The data suggest that the reduction in Cx43 distribution results in failure of intercellular communication, low ALP activity, and impairment of the bone formation capacity. Consistent with this reduced osteoblast activity, the trabecular area was reduced in the OVX groups. In agreement with our data, similar studies revealed that the absence of Cx43 in osteoblasts reduces cortical bone thickness and density due to impairment of intercellular communication [42,43]. Furthermore, the lack of Cx43 results in reduced expression of osteoblastic markers, including osteocalcin and bone sialoprotein in osteoblastic cells [40,44,45]. The data demonstrated that osteoporosis induction altered Cx43 distribution in osteoblasts, which may affect intercellular signaling, leading to a reduction in ALP activity, cell survival, and functional properties of the osteoblasts. The data are inconsistent with previous reports that concluded that Cx43 maintains cellular communication, proliferation, and effective bone remodeling [1,16,46]. In agreement with our data, it was found that deletion of Cx43 in mice delays bone ossification, impairs osteoblast differentiation [15], and reduces bone density due to impairment of intercellular communication in osteoblasts [42,43,47]. A similar study has shown that altering the expression of both Cx43 and Cx45 in osteoblastic cells disrupts intercellular communication and modifies the transcriptional activity of osteoblast-specific promoters [40]. In addition, Cx43 dysfunction leads to bone alterations at the molecular level [48], which results in an imbalance between bone formation and bone resorption [1,42], leading to an inhibition of mineralization [46].



The data indicate changes in Cx43 distribution in osteoblasts in osteoporotic rats, as shown in the OVX+diet group with nutritional deficiencies of essential elements, including calcium, phosphorus, and vitamin D, which could result in loss of the trabecular bone, reduction in bone mineralization, and low collagen contents. Consistent with our hypothesis, it was found that Cx43 is essential for mediating the effect of parathyroid hormone on osteoblasts to maintain their survival [8]. In contrast, the deletion of Cx43 in osteoblasts hinders osteoblast differentiation and delays ossification [15].



The results indicate that the OVX+steroid group exhibited a greater reduction in Cx43 distribution compared to the OVX+diet group, which explains the enhanced bone resorption, trabecular loss, and less collagen content, as shown in the present data. This is consistent with the suppressive effects of glucocorticoids on osteoblastogenesis, resulting in reduced bone formation due to inhibition of the Akt/mammalian target of the rapamycin (mTOR) pathway, which interferes with Cx43 expression [49]. Furthermore, the administration of dexamethasone impairs communication among osteocytes, leading to the degradation of Cx43 and subsequent bone loss [50]. It can be assumed that the administration of glucocorticoids impairs Cx43 distribution in the osteoblasts of OVX+steroid rats, possibly by modifying the expression of the glucocorticoid receptor [49]. This resulted in decreased osteoblast viability and survival. In the same line, it was found that the administration of glucocorticoids in vitro causes rapid and significant suppression of osteoblastogenesis [51,52]. According to this, it might be assumed that the induction of osteoporosis by steroids in combination with ovariectomy strongly interferes with the formation of Cx43-based channels. This leads to the suppression of osteoblast differentiation and even survival.



Concomitant to the reduction in Cx43 in osteoblasts, the number of Cx43-positive osteoclasts significantly increased, particularly in the OVX+diet group at both time points compared to the sham group. A previous report from our group revealed that Cx43 plays a critical role in the migration and fusion of osteoclast progenitors during osteoclastogenesis [18]. Accordingly, it can be assumed that the significant increase in Cx43 was required to trigger osteoclast differentiation. Such stimulated osteoclastogenesis, as the data showed in the OVX+diet group, was combined with a reduced trabecular area, less collagen content, and impaired mineralization capacity; on the other hand, there was an increase in osteoid area and collagen III. These data outcomes and interpretations are consistent with the results of other bones, including the femur and tibia of osteoporosis-induced rats [25,26,27]. The data presented here showed a significant increase in Cx43-positive osteoclasts at 3 and 12 months in the OVX+diet group. It is possible that the increase in Cx43 expression was related to estrogen deficiency observed in the OVX+diet group and may be necessary for osteoclast differentiation. It is a well-established fact that the presence of estrogen inhibits osteoclastogenesis. After ovariectomy, the number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts increases, causing pronounced bone turnover [53,54]. In accordance with our interpretation, it has been reported that the expression patterns of Cx43 and TRAP are correlated pathways that not only maintain intercellular communication but also orchestrate anabolic and catabolic actions of bone cells for efficient bone function [12]. During the course of osteoporosis induction, upregulation of osteoclast-specific markers, including receptor activator of nuclear factor kappa-B ligand (RANKL), matrix metalloproteinase-9 (MMP-9), and cathepsin, have been detected in the rat models currently in use [25,26,55]. This is indicative of enhanced bone turnover and remodeling activities.




5. Conclusions


The study reports the importance of Cx43 for bone homeostasis. The data revealed a reduction in Cx43 distribution in osteoblasts, particularly for the OVX+diet group. The alteration in Cx43 expression was combined with low ALP activity, which causes significant histomorphometric alterations in the trabecular components, less collagen density, and impaired mineralization capacity for both osteoporotic models for up to 12 months. The data revealed a combined increase in Cx43-positive osteoclasts together with increases in the number of TRAP-positive osteoclasts compared to the sham control, suggesting that Cx43 plays a role in enhanced osteoclastogenesis, as shown in osteoporotic patients. The data suggest that the OVX+diet rat is a more suitable model for investigating osteoporosis, similar to that observed in osteoporosis patients. Overall, alterations in Cx43 distribution among bone cells, coupled with changes in trabecular structure, suggest that Cx43 may contribute to the progression of osteoporosis and could serve as a beneficial target for enhancing bone remodeling.
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Figure 1. (a–f) Micrographs show the morphological architecture of rat lumbar 4 (L4) vertebral bodies of sham (a,d), OVX+diet (b,e), and OVX+steroid (c,f) after 3 and 12 months post-osteoporosis induction (n = 6 per time point). Non-calcified L4 bodies were processed for paraffin embedding, and 10 μm sections were stained with hematoxylin–eosin staining (HE). Exemplary micrographs of all groups are shown. Note the marked reduction in bone trabecula in the osteoporotic groups. Scale bar = 1 mm. 
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Figure 2. (a–f) Masson–Goldner micrographs of lumbar 4 (L4) vertebral bodies of sham, OVX+diet, and OVX+steroid rats after 3 and 12 months (n = 6 per time point). The data demonstrate a marked reduction in the trabecular area (green) in the OVX+diet and OVX+steroid groups. The region of interest (ROI) is marked with a purple line. (g) Percentage of the trabecular surface of the ROI shows a reduction in the OVX+diet and OVX+steroid compared to the sham group. Data are shown as mean ± SD. * = p < 0.05, *** = p < 0.001. Scale bar = 0.5 mm. 
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Figure 3. (a–f) Representative micrographs of lumbar 4 (L4) vertebral bodies of sham, OVX+diet, and OVX+steroid after 3 and 12 months stained with Masson–Goldner. A marked reduction in the mineralized bone (green) in OVX+diet (b,e) and OVX+steroid (c,f) after 3 and 12 months compared to sham control (a,d). Increases of non-mineralized matrix (osteoid, red) in both osteoporotic groups compared to sham control could be detected. (g) Percentage of mineralized bone per trabecula (n = 6 per time point). (h) Percentage of non-mineralized osteoid per trabecula. All data are presented as the mean ± SD. Scale bar = 0.5 mm. *** = p < 0.001. 
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Figure 4. (a–g) Enzyme histochemistry staining for alkaline phosphatase (ALP) activity of L4 vertebral bodies of sham, OVX+diet, and OVX+steroid after 3 and 12 months. A reduction in ALP activity in OVX+diet (b,e) and OVX+steroid (c,f) after 12 months compared to sham control (a,d) could be detected. Quantification of ALP activity was performed by manual tracking of the positive areas of the trabecular surface covered by ALP staining (black arrow, g) as a percentage of the trabecular area. (h) Percentage of ALP-positive osteoblast area per trabecular surface of the vertebral body (n = 6 per time point). Data are shown as mean ± SD. Scale bar for (a–f) = 0.5 mm, for (g) = 50 μm. * = p < 0.05. 
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Figure 5. (a–f) Enzyme histochemistry staining for tartrate-resistant acid phosphatase (TRAP) activity of lumbar 4 (L4) vertebral bodies of sham, OVX+diet, and OVX+steroid after 3 and 12 months. Marked increases of TRAP activity (red) indicating osteoclasts in OVX+diet (b,e) and OVX+steroid (c,f) after 3 and 12 months compared to sham control (a,d). (g) Number of TRAP-positive osteoclasts per trabecular surface of the vertebral body (n = 6 per time point) shows increases in OVX+diet at both time points compared to other experimental groups. All data are presented as the mean ± SD. Scale bar = 0.5 mm. *** = p < 0.001. 
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Figure 6. (a–c) Cx43 immunohistochemistry of osteoblasts (black arrow, (a)), osteoclasts (white arrow, (b)), and a negative control where the primary antibody was omitted (NC,c). Cx43 staining of lumbar 4 (L4) vertebral bodies of sham (d,g), OVX+diet (e,h), and OVX+steroid groups (f,i) after 3 and 12 months. Note the reduction in Cx43-positive trabecular areas (black arrows) in OVX+diet and OVX+steroid compared to the sham group. (j) Percentage of Cx43-positive osteoblasts area per trabecula (n = 6 per time point). (k) Number of Cx43-positive osteoclasts per trabecular surface of the vertebral body (n = 6 per time point). Asterisk (*) indicating the presence of osteocytes in the trabeculae. All data are presented as the mean ± SD. Scale bar in (a–c) = 50 μm and in (d–i) = 0.5 mm. * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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