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ABSTRACT

[bookmark: _Hlk179632645]Glucocorticoids (GCs) are standard-of-care treatments for inflammatory and immune disorders, and their long-term use increases the risk of osteoporosis. Although GCs decrease bone functionality, their role in bone microvasculature is incompletely understood. Herein, we investigated the mechanisms of bone microvascular barrier function via osteoblast-endothelial interactions in response to GCs. Our animal data showed that prednisolone (Psl) downregulated the osteoblast function and microvessel number and size. To investigate the role of GCs in bone endothelial barrier function further, we developed and utilized a bicellular microfluidic in vitro system, which consists of three-dimensional (3D) perfusable microvascular structures embedded in collagen I/osteoblast matrix. Interestingly, we demonstrated that GCs significantly inhibited osteogenesis and microvascular barrier function by interfering with endothelial-osteoblast interactions. This effect was triggered by MAPK-induced phosphorylation of connexin43 (Cx43) at Ser282. Collectively, this study sheds light on microvascular function in bone disorders, as osteoporosis, and permits us to capture dynamic changes in endothelial-bone interactions under GCs by dissecting the MAPK/Cx43 mechanism and proposing this as a potential target for bone diseases.












1. Introduction

Autoimmune diseases, including rheumatoid arthritis, inflammatory bowel disease, systemic lupus erythematosus, and gout,[1-3] are often debilitating and, in some cases, life-threatening. Glucocorticoids (GCs), such as prednisone, methylprednisolone, and dexamethasone, are potent treatments for them.[4-6] Despite their beneficial clinical effects, patients under prolonged GC therapy are at high risk of developing bone-related diseases, such as osteoporosis.[7-9] GCs-induced osteoporosis is the most prevalent type of secondary osteoporosis and the most common cause before 50 years of age, which has been linked with a higher incidence of fracture and bone loss.[7, 10]
The predominant effect of GCs on bone is linked to the loss of function of osteoblasts.[11-12] GCs at high doses significantly reduce the numbers of osteoblasts and osteocytes, resulting in decreased bone formation.[13-14] In addition, they affect the osteoclast-osteoblast balance by increasing osteoclast activity via upregulation of receptor activator of NF-B ligand (RANKL) and decrease of osteoprotegerin, which is secreted by osteoblasts.[15] Also, they increase renal calcium excretion and decrease gastrointestinal calcium absorption, resulting in reduced serum calcium, which increases the secretion of parathyroid hormone (PTH) and subsequently increases bone resorption.[16-17] Overall, the loss of the activity of osteoblasts and osteoclasts and the imbalance in their intracellular communication disrupt bone tissue homeostasis and lead to the development of osteoporosis. 
Interestingly, osteoporosis, as in many pathogenic conditions in bone, is associated with alterations in bone microvasculature.[18] In general, bone microvasculature plays a significant role in bone function and regeneration. It actively participates in the cartilaginous callus formation, periosteal response, bony callus, and bone formation and remodeling.[19-20] The mechanisms involved in these events require the intracellular communication of endothelial cells with mesenchymal stromal cells, osteoblast precursor cells, macrophages, pericytes, and endothelial progenitor cells via secretion of osteogenic and angiogenic growth factors, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor.[21-24] During these steps, improper neo vessel formation and loss of microvascular function led to the development of bone diseases.[25-28] Consequently, osteoporosis has been accompanied by a decrease in the number of sinusoidal capillaries and blood flow.[29-31] 
There is little to no in-depth, quantitative knowledge regarding the impact of GCs on bone microvasculature and endothelial-bone intracellular communication. Herein, we have successfully developed a three-dimensional (3D) biomimetic microvascular bone platform composed of a perfusable blood vessel surrounded by osteoblasts. This 3D system allows us to investigate bicellular mechanisms involved in GCs-induced osteoporosis under biologically relevant conditions than conventional two-dimensional (2D) in vitro models and to avoid the use of animal models, which are laborious and not suitable for detailed mechanistic studies in a spatiotemporal manner. Using this model, we have shown that GCs decrease the osteogenic capacity of bone cells and the barrier function of endothelial cells. In addition, we have found that in the presence of GCs, bicellular interactions of endothelial cell-osteoblasts are mediated via MAPK/connexin43 (Cx43) signaling. Collectively, this study sheds light on microvascular function in osteoporosis and permits us to capture dynamic changes in endothelial cell-bone interactions under GCs by dissecting the Cx43 mechanism and proposing this as a potential target for bone diseases. 



2. Results
2.1. GCs decrease osteogenic and endothelial function in vivo 
GCs have been responsible for the changes in bone function and have been involved in the development of osteoporosis.[7] Our in vivo results showed that prednisolone (Psl)-treated mice demonstrated lower osteogenic function. Specifically, bone tissues from Psl-treated animals showed  3 times lower mineralization based on calcium deposition (measured by Alizarin red (AR) staining) and mineral deposition (measured by Von Kossa (VK) staining) (Figure 1A, B and Figure S1, Supporting Information).  In addition, we evaluated the size and number of microvessels in the Psl-treated tissues, which were stained with Isolectin-4 (IB4). Our results showed that Psl-treated bone tissues had  3 times smaller vessel diameter and a lower number of blood vessels, indicating that Psl affects both osteogenesis and microvasculature in bone (Figure 1C-E). 
2.2. GCs decrease osteogenesis 
We aimed to extend the in vivo studies by evaluating the role of GCs in osteoblasts and endothelial cells. Initially, our study tested the role of hydrocortisone (Hyd), prednisone (Pred), and prednisolone (Psl) in osteogenic function. After 3 weeks under osteogenic differentiation conditions (MM), HOBs demonstrated an increase in ALP by  11 times, AR by  4.5 times, and VK by  6.4 times compared to untreated conditions (GM) (Figure S2, Supporting Information). To expand our studies and evaluate the effect of GCs in osteogenesis, HOBs cultured in MM were treated with 200 nmol/L Hyd, 100 nmol/L Pred, and 100 nmol/L Psl for 1 week to 4 weeks. Specifically, ALP, AR, and VK assays demonstrated significant downregulation of osteogenesis under those conditions compared to untreated cells cultured in MM conditions (Ctrl) (Figure S3, Supporting Information). In addition, the osteoimage mineralization assay showed a decrease in hydroxyapatite formation (HA) (Figure S4, Supporting Information). Taken together, our results demonstrated that GCs negatively affect the osteoblast function by downregulating osteogenesis. 
[bookmark: _Hlk153563126]2.3. Manufacturing a 3D vascularized bone platform
Next, we aimed to study the role of GCs in bone microvascular function. To explore this, we engineered and utilized a novel 3D bicellular microfluidic model (Figure 2A, B). The 3D model recapitulates the structure and function of microvasculature in bone by integrating two major cell types, named HOBs and ECs (Figure 2C). Specifically, the system was comprised of a 3D cylindrical perfusable blood vessel channel, consisting of ECs embedded within a collagen I/fibrinogen/fibronectin matrix containing HOBs (Figure 2D, E and Figure S5, Supporting Information). Finally, the microvascular barrier function was assessed by real-time microscopy, capturing 70 kDa dextran diffusion, as shown in Figure S6, Supporting Information, and in our previous studies.[32-33] 
2.4. Mimicking GCs-induced osteoporosis in the 3D vascularized bone platform.
As a next step, we examined the effect of GCs on bone microvascular barrier function. The 3D microfluidic systems were treated with 200 nmol/L Hyd, 100 nmol/L Pred, and 100 nmol/L Psl for 18 days (Figure 3A). GCs downregulated the secretion of Pro-COLA1 from HOBs by  1.7 times (Hyd),  1.3 times (Pred), and  1.3 times (Psl) compared to Ctrl in MM (Figure 3B). RT-qPCR analysis showed a decrease of osteogenic markers, runt-related transcription factor 2 (Runx2), collagen type I alpha 1 (COLA1), and Integrin beta-1 (IntB1) in the presence of GCs (Figure 3C). In addition, the osteoimage mineralization assay showed a decrease in hydroxyapatite formation (HA) by  9.8 times (Hyd),  7.5 times (Pred), and  3 times (Psl) (Figure 3D). Finally, the endothelial barrier function was measured by the extravasation of fluorescently labeled 70 kDa dextran from the lumen. After 18 days, microvascular leakiness was increased by  3.5 times (Hyd),  2.3 times (Pred), and  3.4 times (Psl) compared to Ctrl (Figure 3E), indicating that GCs downregulate osteogenesis and endothelial barrier function. 
2.5. GCs regulate microvascular barrier function via Cx43.
To explore how GCs alter bone endothelial barrier function, we investigated whether GCs alter key cell-cell adhesion molecules, such as zonula occludens-1 (ZO-1), vascular endothelial cadherin (VE-cad), and connexin43 (Cx43), which have been implicated into the regulation of barrier function.[32] Specifically, RT-qPCR co-culture analysis demonstrated that the transcription levels of ZO-1, VE-cad, and Cx43 have been downregulated in the presence of GCs for 18 days (Figure 4A). Interestingly, Cx43, which is expressed in HOBs and ECs,[34] demonstrated a  1.3 times (Hyd),  1.5 times (Pred), and  3 times (Psl) decrease compared to untreated conditions (Ctrl) in co-culture conditions (Figure 4B). Finally, bone microvessels from Psl-treated animals demonstrated  80 % lower membrane Cx43 expression compared to untreated mice (Figure 4C). Therefore, functional perturbation in Cx43 expression is an attractive candidate for dissecting the mechanisms involved in bone microvascular function. Interestingly, confocal immunofluorescent staining demonstrated that even short exposure (30 min) of EC-HOBs in GCs led to the loss of Cx43 from the membrane area (junctional sites) (Figure 4D), indicating that GCs controlled these heterotypic EC-HOBs interactions via Cx43. Finally, utilizing the 3D bicellular microfluidic system, we showed that blockage of Cx43 via GAP19 inhibitor (5 μM) increased leakiness by  9.5 times, indicating that Cx43 is essential for the regulation of microvascular barrier function (Figure 4E). 
2.6. GCs regulate microvascular barrier function via the MAPK/Cx43 pathway.
[bookmark: _Hlk184823823]Next, we investigated molecular pathways that are involved in the regulation of Cx43 in EC-HOBs co-culture conditions. Specifically, our results showed that the presence of GCs had no effect on the Cx43 expression compared to untreated conditions (Ctrl) in short-term exposure (30 min, 60 min, and 120 min). Also, we demonstrated that in GCs conditions, there is an increase in the phosphorylated isoforms of Cx43 at Ser282 (p-Cx43Ser 282) (Figure 5A), which are phosphorylated via the MAPK pathway.[35-38] To this end, our results showed that GCs increased the phosphorylation levels of MAPK/ERK pathway molecules, ERK 1/2, p38, and JNK. Next, in the presence of GCs, the cells were treated with an inhibitor cocktail for the MAPK pathway, consisting of 25 µmol/L SP600125 (JNK inhibitor), 10 µmol/L SCH772984 (ERK1/2 inhibitor), 30 µmol/L Losmapimod (p-p38 inhibitor). Our results demonstrated significant downregulation in p-Cx43Ser 282 (Figure 6A) and p-ERK1/2, p-38, and p-JNK (Figure 5B). To further investigate the role of MAPK/Cx43 in regulating bone microvascular barrier function, a dextran 70 kDa assay was performed by utilizing the 3D bicellular microfluidic system. Our results showed that inhibition of the MAPK pathway decreased microvascular leakiness induced by GCs by  3 times (Hyd),  4 times (Pred), and  3 times (Psl), indicating that the MAPK pathway controls barrier function via regulation of Cx43 (Figure 5C).
2.7. Endothelial barrier function is regulated by Cx43-mediated heterotypic HOB-ECs interactions. 
Next, we utilized this 3D bicellular microfluidic system to identify targets responsible for the changes in bone microvascular barrier function and, ultimately, bone pathophysiology. Our study focuses on the bicellular interactions of endothelial cells and osteoblasts. We evaluated the role of HOBs in bone microvascular barrier under normal and GC treatment conditions. We found that the presence of HOBs reduced leakage of 70 kDa dextran into the interstitial area compared to microvessels containing ECs alone by  18 times (Figure 6A, B). Under those conditions, RT-qPCR analysis showed that endothelial markers of ZO-1 and VE-cad were upregulated by  32 % and  47 %, respectively, indicating that HOBs enhance barrier function and junctional molecule expression (Figure 6C). Interestingly, Cx43 significantly increased ( 51 %) under the co-culture conditions. Therefore, functional perturbation in Cx43 expression is an attractive candidate for dissecting the heterotypic interactions between HOBs and ECs. To further investigate this hypothesis, Cx43 was blocked (Cx43KO) by CRISPR in HOBs (Figure 6D). The Cx43KO HOBs were seeded in the 3D bicellular microfluidic device, and the endothelial leakiness was evaluated by dextran assay. Our results showed that loss of Cx43 in HOBs impacted the microvascular leakiness by  13.6 times (Figure 6E, F). Overall, we showed that HOBs impacted microvascular barrier function via Cx43-mediated interactions with ECs.  
We expanded our studies by evaluating the role of Cx43 in the heterotypic interactions under the presence of GCs. We investigated the impact of phosphorylated Cx43 expressed in HOBs on microvascular function. Phosphorylation mimic of the Cx43 S279/S282 (Cx43SD) increased the microvascular leakiness by  14 times, while mutations preventing phosphorylation of Cx43 S279/S282 (Cx43SA) in HOBs had no impact on the barrier function, indicating that dephosphorylation of S279/S282 in HOBs is necessary for bone microvascular barrier (Figure 6G, H). Finally, Cx43SA expressed in HOBs reversed the microvascular leakiness in the presence of GCs, indicating that dephosphorylation of Cx43 is essential and necessary for the heterotypic interactions and microvascular function (Figure 6I, J).
 
3. Discussion
Bone homeostasis is mediated by the function of microvasculature, osteoblasts, osteoclasts, osteocytes, and nerve cells within the extracellular matrix. Bone microvasculature is a complex microvessel network which supplies the bone with nutrients, oxygen, growth factors.  They are surrounding by osteoblasts, osteoclasts, and osteocytes and all of which play crucial roles in bone microvascular remodeling and homeostasis.[31]  Osteocytes, embedded in the lacunae of the mineralized bone matrix, act as mechanosensory cells, regulating the biochemical signals of osteoblast and osteoclast activity.[39-40] They were traditionally thought to be terminally differentiated cells derived from mature osteoblasts. During this differentiation process, the expression of osteoblast markers, such as alkaline phosphatase, decreased, while the expression of osteocyte-specific markers such as sclerostin and fibroblast growth factor 23 increased.[41] Though osteoblasts and osteocytes originate from the same lineage, they serve distinct, vital functions in bone. Osteocytes are primarily responsible for maintaining bone homeostasis, while osteoblasts drive bone formation by synthesizing and mineralizing the bone matrix.[42] Additionally, osteoblasts play a key role in bone microvascular regeneration and homeostasis through mechanisms such as the regulation of VEGF and Ang-1.[43-44] Specifically, osteoblasts secrete paracrine VEGF, which binds to VEGF receptors on endothelial cells, promoting endothelial migration and tube formation. Given the significant role of osteoblasts in endothelial function, in our study, we are further investigating the mechanisms underlying the osteoblast-endothelial coupling, particularly in disease states like osteoporosis. 
Osteoporosis is generally characterized by an imbalance between osteoblast and osteoclast activity, leading to abnormal bone remodeling.[45] Specifically, glucocorticoids (GCs) have been shown to upregulate osteoclast activity while downregulating osteoblast function, disrupting the delicate balance between these cell types, which is essential for maintaining bone mass.[46-47] GCs promote hyperactive osteoclasts[48] and inflammation-induced osteoclast activity,[49] as well as an increase in empty lacunae.[50] These findings are consistent with our H&E results, which showed a significant reduction in trabecular bone in Psl-treated samples, suggesting increased osteoclast activity, while data from VK and AR assays indicated a loss of osteoblast activity. Osteoporosis is also associated with bone endothelial dysfunction. In postmenopausal osteoporosis, there is a reduction in sinusoidal and arterial capillaries within the bone marrow, leading to impaired blood perfusion. Additionally, studies have shown that elderly women with osteoporosis experience reduced bone blood flow in the femur.[51] In line with these observations, our in vivo data demonstrated fewer and smaller blood vessels in Psl-treated bone tissues, highlighting the impact of GCs on blood vessel formation in osteoporosis. These results underscore the multifaceted effects of GCs, particularly their influence on osteoclasts, osteoblasts, endothelial cells, and the overall bone microenvironment.[52] To better understand this complexity, our study aims to investigate the mechanisms by which GCs regulate bone microvascular function, focusing on novel endothelial-osteoblast interactions. Future research will explore the role of osteoclasts in these cellular interactions, providing a more comprehensive view of the GC-induced disruptions in bone health.
One potential challenge to recapitulate this 3D bicellular interaction is that existing in vivo models are not suitable for studying rapid structural and functional changes of this coupling. Additionally, most existing in vitro models fail to recapitulate endothelial-bone interactions in healthy and diseased states because they lack three-dimensional (3D) vascular biomimetic architecture and shear stress.[53-58] To overcome these limitations, we engineered and utilized a 3D microfluidic bicellular system based on organ-on-a-chip technology. Those platforms may assist in the identification of etiologic drivers of bone anomalies that can be targeted for rescue, which will benefit the development of novel personalized treatment decisions.[59-60] 
Specifically, our system consists of a fully perfusable microvessel surrounded by osteoblasts embedded in the extracellular matrix. We utilized the 3D endo-osteo platform to measure microvascular integrity and osteoblast functionality in normal and GCs-induced osteoporotic conditions. Specifically, by using this platform, we were able to measure the mineralization potential of osteoblasts by Osteoimage mineralization assay of the microvascular barrier for 18 days. Interestingly, we demonstrated that osteoblast enhanced microvascular barrier function, indicating the osteoblast contribution to bone homeostasis by regulating the mineralization process and microvascular function. 
[bookmark: _Hlk186220698]While a direct application of this model could involve diagnostics and the development of personalized treatments, our study aimed to investigate the pathogenic mechanisms underlying glucocorticoid (GC)-induced osteoporosis. Several studies have highlighted that Cx43 is a critical component of the intracellular machinery responsible for signal transduction in bone cells in response to pharmacologic, hormonal, and mechanical stimuli.[61-63] Cx43 is highly expressed in bone cells, including osteoblasts, osteocytes, and osteoclasts, and is essential for their differentiation and function. Notably, alterations in Cx43 have been associated with the development of osteoporosis.[64-66]  Particular emphasis of our studies is focused on Cx43, which has been shown that plays a key role in endothelial intracellular communication and migration during angiogenesis.[67-70] Our in vivo results showed a loss of Cx43 membrane expression in the bone microvessels of Psl-treated animals following 60 days of exposure. Additionally, our in vitro data revealed a decrease in Cx43 transcription levels after prolonged GC exposure (18 days). However, short-term exposure to GCs (30, 60, and 120 minutes) did not affect total Cx43 protein levels,[71] but it did increase Cx43 phosphorylation at Ser 282. This suggests a significant role of Cx43 in regulating bone microvascular function, particularly in the context of GC-induced osteoporosis. 
[bookmark: _Hlk186220753]Although an extensive body of studies focuses on the Cx43 mechanism for each cell type, the adhesion and the mechanical cues mediated by the functional coupling between osteoblasts and endothelial cells and its effect on vascular function are less clear. Major challenges exist in identifying novel Cx43-mediated heterotypic mechanisms based on the existing in vivo and in vitro models. Cx43 knockout mice are embryonic lethal, and it is difficult to identify the role of Cx43 in bone microvasculature.[72] Additionally, using conditional knockout mice may be a laborious task,[73] and current in vitro models struggle to identify new Cx43-mediated bone microvascular barrier targets due to the lack of 3D vascular architecture and multi-cellular compartments. Herein, using the 3D microfluidic platform, we demonstrated that Cx43 plays a key role in regulating endothelial cell-osteoblast coupling and microvascular function. Our RT-qPCR results showed that ZO-1 and VE-cadherin are primarily expressed in endothelial cells, with low transcription levels in osteoblasts, suggesting that these molecules are crucial for endothelial cell-cell interactions rather than for interactions between endothelial cells and osteoblasts. In contrast, Cx43 is expressed in both endothelial cells and osteoblasts, highlighting its importance in regulating heterotypic endo-osteoblast interactions, potentially through the MAPK pathway.  Loss of Cx43 in osteoblasts resulted in the loss of endothelial osteoblast coupling and an increase in microvascular leakiness, indicating that Cx43 expressed in osteoblasts is essential for bone microvascular function. Notably, our results showed that GCs regulate the phosphorylation of Cx43 at Ser 282,[74] suggesting activation of the MAPK pathway and subsequent internalization of Cx43  Moreover, we demonstrated that these phosphorylation sites are essential for mediating endo-osteoblast interactions, as overexpressing these sites in osteoblasts led to a loss of barrier function. Interestingly, dephosphorylation of Cx43 in osteoblasts reversed this effect in the presence of GCs, reinforcing the idea that Cx43 is both essential and necessary for maintaining endothelial-osteoblast coupling. 
Overall, our study provides a deeper understanding of bone microvascular function by unraveling the complex dynamic interactions between endothelial cells and osteoblasts. To achieve this, we developed a robust on-chip system capable of replicating the structures, mechanics, and intricate heterotypic interactions found in vivo. Future research will focus on integrating additional cell types, such as osteoclasts, to further explore their contribution on bone endothelium in osteoporosis.
[bookmark: _Hlk184824022]4. Experimental Section
Cell culture and reagents: Human osteoblasts (HOBs) (PromoCell) were cultured in osteoblast growth medium (PromoCell) (GM) and differentiated in osteoblast mineralization medium (MM) (PromoCell). Human umbilical vein endothelial cells (ECs) (Lonza) were cultured in endothelial cell growth medium EGM-2 (Lonza). All experiments were performed with HOBs and ECs in passages 3 to 5. To achieve labeled HOBs labeled with a green fluorescent protein and ECs labeled red with mApple fluorescent protein, the cells were transduced with a lentiviral construct pCSCG-EGFP and pCSCG-mApple (Addgene), respectively, as described previously.[32] Finally, to obtain Cx43 wild-type (Cx43WT), Cx43 knockout (Cx43KO), Cx43-S279/S282A (Cx43SA), and Cx43-S279/S282D (Cx43SD) HOBs, the cells were transduced with LXSN-Cx43, pLentiCRISPRv2 construct (gRNA sequencing: TCAGCGCACCACTGGTCGCA) (GeneScript), LXSN-Cx43-S279/S282A, and LXSN-Cx43-S279/S282D (Addgene), respectively.
Fabrication of microfluidic platform: Scaffolds for the microfluidic devices were created as described previously.[33] Polydimethylsiloxane (PDMS; Sylgard 184, Dow-Corning; Krayden) devices were fabricated from these scaffolds. The PDMS devices were treated with 0.01 % by volume fraction poly-L-lysine (PLL; Sigma) and 0.5 % by volume fraction glutaraldehyde (Sigma). After washing overnight in water, steel acupuncture needles (diameter = 250 μm Seirin, Kyoto, Japan) were introduced into the devices. Next, 8 μg/mL fibrinogen (Sigma), 1 μg/mL thrombin (Sigma), and 1 mg/mL collagen I (BD) were mixed with 1 million HOBs, which were incubated for 18 days in MM. For the GC treatment, the HOBs were incubated for 18 days in MM in the presence of 200 nmol/L hydrocortisone (Hyd; Sigma), 100 nmol/L prednisone (Pred; Sigma), and 100 nmol/L prednisolone (Psl; Sigma) in devices. Next, steel acupuncture needles needles (diameter = 250 μm) were removed, and ECs at a concentration of 106 cells/mL were seeded into the channel. For the GC treatment, ECs were pre-treated with Hyd (200 nmol/L), Pred (100 nmol/L), and Psl (100 nmol/L) for 2 days prior to seeding into the devices. The devices were inverted to allow ECs to adhere to the top surfaces of the channel for 2 min and then flipped upright to allow ECs to adhere to the bottom surface of the channel for another 2 min. ECs that adhered to the fluid reservoirs were scraped off with a pipette tip, unattached cells in the channel were thoroughly flushed out with fresh EGM-2 media, and the devices were placed on a platform rocker (BenchRocker BR2000) at 37 C, CO2 incubator. Cells were cultured in the devices for 2 days prior to further analysis. 
Measurement of endothelial barrier: To measure the permeability of the endothelium in the microfluidic platform, fluorescent dextran (70 kDa Texas Red, Thermo Fisher) was introduced into perfusion media (EGM-2) at a concentration of 12.5 g/mL. Diffusion of the dextran was imaged in real-time with a confocal microscope (LSM 800, Carl Zeiss) at 10 magnification. An image time sequence was analyzed by taking the mean intensity over regions next to the cell layer in successive images. The time derivative of the intensity was determined by linear regression for each region. The time derivative of the intensity, the mean intensity (I), and the capillary radius (r) were used to determine the diffusive permeability coefficient (Pd) by the equation  . The uncertainty was determined by the standard deviation of the measured permeability at the different locations as described previously.[32] 
Osteogenesis assay: The HOBs were seeded onto 48-well culture plates at a density of 2104 cells/well and cultured in a GM or MM. For the GC treatment, the HOBs were incubated in MM in the presence of 200 nmol/L Hyd (Sigma), 100 nmol/L Pred (Sigma), and 100 nmol/L Psl (Sigma) for 1 week to 4 weeks. The medium was changed twice a week. The cells were fixed in 4 g paraformaldehyde (Sigma) per 100 ml PBS for 20 min and washed twice in PBS. Osteoblast differentiation and mineralization were determined by detecting alkaline phosphatase (ALP; Leukocyte Alkaline Phosphatase Kit, Sigma-Aldrich), Alizarin red (AR; Sigma-Aldrich), and Von Kossa (VK; Sigma-Aldrich) staining according to the protocols of the manufacturer and as described previously.[75-76] For the hydroxyapatite (HA) formation, HOBs in the devices were assessed using the Osteoimage mineralization assay kit (Lonza), as described previously.[77] The mineralization potential of HOBs was imaged using a confocal microscope (LSM 800, Carl Zeiss), and image analysis for green, fluorescent HA formation was performed by ImageJ by performing a maximum intensity z projection and merging the channels.[78]
Immunofluorescence staining: For immunofluorescence staining, cells in the devices were fixed in 4 g paraformaldehyde (Sigma; St, Louis, MI, USA) per 100 mL in phosphate-buffered saline (PBS) for 30 min and washed twice in PBS. For Cx43 labeling, cells were permeabilized with 0.1 % (by volume fraction) Triton-X 100 in PBS for 30 min and treated with blocking solution (0.01 % (by volume fraction) Triton-X 100, 5 g /100 mL goat serum (Sigma) in PBS) overnight at 4 °C and washed three times with PBS. Primary antibody against rabbit anti-human Cx43 (1:100 dilution in blocking solution; Cell Signaling Technology) was incubated overnight at 4 °C. Secondary antibodies (1:100 dilution in blocking solution, Alexa 568-conjugated goat-anti-rabbit IgG; Invitrogen) were incubated overnight at 4 °C. Cell nuclei were labeled with DAPI (1:300 dilution in blocking solution; Sigma). Cell in devices were imaged using confocal microscope (LSM 800, Carl Zeiss), and ImageJ was used to perform z-projection for all stacks, merge channels, and generate longitudinal and transverse cross-sections.[78]
Enzyme-linked immunosorbent assay (ELISA): Protein levels of the secreted Pro-Collagen I alpha 1 (Pro-COLA1) in cell culture supernatants were measured using a human Pro-Collagen I α1-specific sandwich ELISA system (R&D Systems) according to the manufacturer's manual. Serially diluted recombinant human Pro-Collagen I α1 was used as the standard. All samples in each analysis were examined in triplicate.
Western Blot analysis: For Western Blot analysis, HOBs and ECs were co-plated at a density of 3,000 cells/cm2 and 30,000 cells/cm2, respectively. The cells were cultured in the presence of 200 nmol/L Hyd (Sigma), 100 nmol/L Pred (Sigma), and 100 nmol/L Psl (Sigma) for 30 min, 60 min, and 120 min. Also, the co-culture was incubated in the presence of 200 nmol/L Hyd (Sigma), 100 nmol/L Pred (Sigma), and 100 nmol/L Psl (Sigma) and an inhibitors cocktail for MAPK/ERK pathway, consisting of 25umol/L SP600125, 10 umol/L SCH772984, 30 umol/L Losmapimod, as reported previously,[79-81] for 30 min. The cells were washed with ice-cold PBS and lysed in RIPA buffer (Thermo Scientific) containing protease and phosphatase inhibitor cocktails (Cell Signaling). Cell lysates were centrifuged at 12,000 g for 10 min at 4 °C, the supernatants were collected, and the proteins were resolved in 4 % to 12 % gradient SDS–PAGE gels. Proteins were transferred to nitrocellulose membranes (Thermo Fisher) and were probed with the following antibodies: rabbit-anti human phospho-p44/42 MAPK (ERK1/2) (1:1000; Cell Signaling; Cat number: 9101); rabbit-anti human p44/42 MAPK (ERK1/2) (1:1000; Cell Signaling; Cat number: 9102); rabbit-anti human phospho-p38 MAPK (1:1000; Cell Signaling; Cat number: 9211); rabbit-anti human p38 MAPK (Thr180/Tyr182) (1:1000; Cell Signaling; Cat number: 9212); rabbit anti-human phospho- SAPK/JNK (Thr183/185) (1:1000; Cell Signaling; Cat number: 9251); rabbit anti-human SAPK/JNK (1:1000; Cell Signaling; Cat number: 9252); phospho Ser282 Cx43(1:500; Thermofisher; Cat number: PA5-105957); Cx43 (1:1000; Cell Signaling; Cat number:3512S); β-actin (1:1000; Cell Signaling; Cat number: 4967). The antibodies were diluted and incubated in 5 g BSA per 100 mL Tris-buffered saline with 0.1 % (by volume fraction) Tween 20 Detergent (TBST); Thermo Fisher) overnight in 4 C. Proteins of interest were detected with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit IgG, HRP-linked Antibody 1:1000 dilution; Cell Signaling; Cat number: 7074) and visualized with the chemiluminescent substrate (Thermo Scientific), according to manufacturer instructions.[75] All western blots were quantified by Image J according to standard procedures.[78]
Real-Time Quantitative PCR Analysis: Total RNA was isolated from the 3D platform using TRIzol Reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instruction. SuperScript III cDNA Synthesis kit (Thermo Fisher Scientific) was used to synthesize cDNA from RNA in Applied Biosystems™ Veriti™ 96-Well Thermal Cycler. The real-time quantitative PCR (RT-qPCR) was performed using a PowerTrack™ SYBR™ Green Master Mix and ViiA™ 7 Real-Time PCR System with 96-Well Block (Applied Biosystems, USA) in accordance with the manufacturer's instructions. The primers used in this study are described in Table 1. The expression level of each gene was normalized to the expression level of 18S ribosomal RNA (18S rRNA) internal control. The relative gene expression was calculated by the standard curve method using the target Cq values and the Cq value for 18S rRNA.
In vivo studies: All procedures involved in animal experiments (IACUC Protocol Number: 2022-0058- Title: Effect of glucocorticoids on bone vascularization) were approved by the Georgetown University Institutional Animal Care and Use Committee. 4 months to 6 months-old Swiss Webster mice were purchased from Charles River Laboratories. The mice were randomized into two groups, 10 animals each, with an equal number of males and females. The GC-treated group was implanted subcutaneously in the dorsal scapular region with slow-release pellets containing prednisolone at the dose of 3.8 mg/60 days = 2.1 mg/kg/day, assuming 30 g as the average weight of this mouse strain (Innovative Research of America, Sarasota, FL). The control group received placebo pellets containing the corresponding vehicle. Throughout the experiment, mice were monitored for body weight loss. 60 days post pellet implantation, the mice were euthanized, the long bones harvested, fixed in 10 % (per volume) neutral buffered formalin, decalcified in 14 % (by volume fraction) EDTA, paraffin-embedded, and subjected to histopathological analyses. 
Tissue Analysis: To examine the effect of GCs in mineralization, AR and VK stainings were performed according to the manufacturer's protocols and as described previously.[75-76] For immunofluorescence, the tissue sections were deparaffinized[82] and were permeabilized with 0.1 % (by volume fraction) Triton-X 100 in PBS for 30 min and treated with blocking solution (0.01 % (by volume fraction) Triton-X 100, 5 g /100 mL goat serum (Sigma) in PBS) overnight at 4 °C and washed three times with PBS. Next, the tissues were incubated in Isolectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor™ 568 Conjugate (1:100; Thermofisher) and DAPI (1:300; Thermofisher). For Cx43 staining, the primary antibody against rabbit anti-human Cx43 (1:100 dilution; Cell Signaling Technology) was incubated overnight at 4 °C. Next day, the tissue slides were washed twice in PBS, and a secondary antibody (1:100 dilution, Alexa 488-conjugated goat-anti-rabbit IgG; Invitrogen) was incubated for 1 h at RT. Cell nuclei were labeled with DAPI (1:300 dilution; Thermofisher). Imaging was performed by confocal microscope Nikon CSU-W1 SoRa Spinning Disk Microscope, and image analysis was performed by Image J.
Statistical analysis: Statistical analysis of the data was performed using one-way analysis of variance (ANOVA), using Tukey post-test for more than two variables. The P-value was set to be significant if < 0.05 unless differently stated in the text. All results were expressed as mean plus or minus one standard deviation. In each test, the number of independent experiments (N) was more than three, and the number of data points (n) in each experiment was different. Both N and n were shown in the figure legends.
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Table 1. PCR primers used in this study.
	Gene name
	Primer sequences

	human ZO-1
	Forward
	5'-GTC CAG AAT CTC GGA AAA GTG CC-3'

	 
	Reverse
	5'-CTT TCA GCG CAC CAT ACC AAC C-3'

	human CDH5
	Forward
	5'-AAG CGT GAG TCG CAA GAA TG-3'

	 
	Reverse
	5'-TCT CCA GGT TTT CGC CAG TG-3'

	human Cx43
	Forward
	5'-TGGTAAGGTGAAAATGCGAGG-3'

	 
	Reverse
	5'-GCACTCAAGCTGAATCCATAGAT-3'

	human Runx2
	Forward
	5'-TGG TTA CTG TCA TGG CGG GTA-3'

	 
	Reverse
	5'-TCT CAG ATC GTT GAA CCT TGC TA-3'

	human ColA1
	Forward
	5'-GGC CCT CAA GGT TTC CAA GG-3'

	 
	Reverse
	5'-CAC CCT GTG GTC CAA CAA CTC-3'

	human IntB1
	Forward
	5'-GGA TTC TCC AGA AGG TGG TTT CG-3'

	 
	Reverse
	5'-TGC CAC CAA GTT TCC CAT CTC C-3'

	human 18S
	Forward
	5'-CGG CTA CCA CAT CCA AGG AA-3'

	 
	Reverse
	5'-GCT GGA ATT ACC GCG GCT-3'


Abbreviation: ZO-1, Zonula occludens-1 (Tight junction protein-1); CDH5, VE-cad (vascular endothelial cadherin); Cx43, Connexin43; Runx2, Runt-related transcription factor 2; ColA1, Collagen type 1 alpha 1; IntB1, Integrin beta-1; 18S, 18S ribosomal RNA. 

FIGURE LEGENDS

Figure 1. Glucocorticoids decrease osteogenic and endothelial function in vivo. A) Hematoxylin and eosin (H&E), Alizarin red (AR), and Von kossa (VK) staining of hind limb sections from mouse implanted with prednisolone (Psl) pellets for 60 days. Mouse hind limbs were dissected, fixed, and decalcified, and the cross sections with trabecular region were stained with H&E, AR (red), or VK (dark brown). Representative images are shown. Scale bars, 500 µm (H&E) and 200 µm (AR & VK). B) Quantitative analysis of the AR-positive or VK-positive surface intensity in bone tissue sections. n = 10 mice. C) Representative image of Isolectin-4 (IB4) staining of bone sections. Yellow arrows indicate IB4 positive (red). Scale bars, 100 µm. D) Graph showing the blood vessel diameter in control and Psl-treated bone tissues. N = 3, n = 4. E) Number of blood vessels per cross-section area for control and Psl-treated bone tissues. The quantitative data are expressed as means ± SD. N = 3, n = 4; significant differences: *, p-value < 0.05, **, p-value < 0.01, ***, p-value < 0.001, ****, p-value < 0.0001.
 
Figure 2. Engineering three-dimensional (3D) bicellular Endo-Osteo platform. A) Photograph of 3D microfluidic device using 3D printing scaffold. Scale bar, 1 cm. B) Schematic showing the cross-sectional area of the 3D platform. The channel of endothelial cells (ECs) is formed in a 3D extracellular matrix containing human osteoblasts (HOBs) within a microfabricated PDMS gasket. C) Representative image of engineered microvessel in a 3D extracellular matrix with HOBs under phase contrast microscopy. Scale bar, 50 µm. D, E) Representative confocal immunofluorescence images capturing the formed 3D perfusable endothelial vessel (ECs; red) surrounded by HOBs (green) and nuclei for DAPI (blue). Scale bars, 200 µm (1st picture), 100 μm (2nd & 4th pictures), and 50 µm (3rd picture). 

Figure 3. Glucocorticoids downregulate osteoblast function and disrupt the endothelial barrier. A) Representative confocal immune-fluorescence images for 18 days mineralized samples capturing the formed endothelial vessel (ECs; red) surrounding by HOBs (green) in the presence of GCs such as hydrocortisone (Hyd), prednisone (Pred), and prednisolone (Psl). B) Culture supernatants were collected, and collagen type 1 protein levels (Pro-COLA1) were analyzed by ELISA. N =3. C) RNA was isolated from the devices cultured in the presence of Hyd, Pred, and Psl. The expression of osteoblast-specific genes runt-related transcription factor 2 (Runx2), collagen type I alpha 1 (COLA1), and Integrin beta-1 (IntB1) was examined by RT-qPCR. The transcript levels were normalized to 18S. N = 3. D) The 3D matrix in the presence of Hyd, Pred, and Psl were stained for hydroxyapatite (HA) formation (green). Scale bars, 200 µm. Right panel, Quantitative analysis of hydroxyapatite (HA) formation. N = 3. E) Representative endothelial integrity images on the devices using fluorescent-labeled 70 kDa Texas red dextran. Scale bars, 200 µm. Graph demonstrates the endothelial leakiness in 18 days mineralized samples by diffusive permeability coefficient (Pd) in the presence of GCs. The quantitative data are expressed as means ± SD. At least N = 3, n = 6; significant differences: *, p-value < 0.05, **, p-value < 0.01, ***, p-value < 0.001.

Figure 4. Glucocorticoids control endothelial and osteoblasts interactions via Cx43. A) RNA was isolated from 3D devices in the presence of Hyd, Pred, and Psl after 18 days. The expression of cell-cell adhesion genes including zonula occludens-1 (ZO-1), vascular endothelial cadherin (VE-cad), and connexin43 (Cx43) was examined by RT-qPCR. The transcript levels were normalized to 18S. N = 3. B) The protein expression of Cx43 in the presence of GCs was analyzed by immunoblotting. The below panel shows the quantification of Cx43 levels compared to control. N = 5. C) Representative images of immunofluorescent signals for Cx43 (green), IB4 (red) and DAPI (blue) in bone sections from a mouse implanted with Psl pellets for 60 days or corresponding placebo control. Scale bars, 20 µm and 5 µm (zoom in images); Red arrows indicate the presence of Cx43 in the cell membrane area. Quantitative analysis of the Cx43-positive membrane intensity in sections from each mouse stain. n = 10. D) Immunostaining for Cx43 (red) for co-culture system of ECs and EGFP-labeled HOBs (green). The nuclei were stained with DAPI (blue). Membrane localization of Cx43 is indicated by yellow arrows. Scale bars, 20 µm. E) Representative endothelial integrity images on the devices treated with GAP19 (5 μM; 30 min) using fluorescence labeled 70 kDa dextran. Scale bars, 100 µm. The below graph demonstrates the endothelial leakiness by diffusive permeability coefficient (Pd) for control and GAP19 treated. The quantitative data are expressed as means ± SD. N = 3, n = 6; significant differences: *, p-value < 0.05, **, p-value < 0.01, ***, p-value < 0.001.

Figure 5. Glucocorticoids regulate microvascular barrier function via MAPK/Cx43. A) Left, Western blot analysis showing GCs-induced activation of Phospho-Cx43Ser282, and Cx43 in co-cultures of HOBs and ECs following stimulation with Hyd, Pred, and Psl for 30 min, 60 min, and 120 min. Inhibitor treatment was applied for 30 min. Right, Quantitative analysis of the Western blot results. N = 3. B) Left, Western blot analysis showing GCs-induced activation of MAPKs (ERK, p38, and JNK) in co-cultures of HOBs and ECs following stimulation with Hyd, Pred, and Psl for 30 min, 60 min, and 120 min. Inhibitor treatment was applied for 30 min. Right, Quantitative analysis of the Western blot results. N = 3. C) Representative images showing endothelial integrity in control and inhibitor-treated group exposed to GCs on the devices for 30 min, using fluorescence-labeled 70 kDa Texas Red dextran. Scale bar, 100 µm. Right panel, Graph demonstrates the endothelial leakiness measured by the diffusive permeability coefficient (Pd) for control and inhibitor-treated groups with GCs. The quantitative data are expressed as means ± SD. N = 3, n = 3; significant differences: *, p-value < 0.05, **, p-value < 0.01, ***, p-value < 0.001.

Figure 6. Human osteoblast cells enhance endothelial barrier function via Cx43. A) Representative images showing endothelial integrity on the devices, using fluorescence-labeled 70 kDa dextran. Scale bar, 100 µm. B) Graph demonstrates the endothelial leakiness measured by diffusive permeability coefficient (Pd) for only HOBs, HOBs+ECs, and ECs. At least N = 3. C) RNA was isolated in HOBs, HOBs+ECs, and only ECs from 3D matrix devices. The expression of cell-cell adhesion genes such as ZO-1, VE-cad, and Cx43 was examined by RT-qPCR. The transcript levels were normalized to 18S. N = 3. D) The protein expression of Cx43 was determined by immunoblotting from genetically engineered HOBs; Control (Ctrl), Scramble CRISPR (Scramble), and Cx43 CRISPR(Cx43KO). β-actin was used as a loading control. The right panel shows the quantification of Cx43 levels compared to Ctrl. N = 3. E) Representative images showing endothelial integrity of Ctrl, Scramble, and Cx43KO on the devices, using fluorescence labeled 70 kDa Texas red dextran. Scale bar, 100 µm. F) Graph demonstrates the endothelial leakiness measured by diffusive permeability coefficient (Pd) for Ctrl, Scramble, and Cx43KO. N = 3. G) Representative images showing endothelial integrity of genetically engineered HOBs; Cx43 wild-type (Cx43WT), phospho-mimetic Cx43Ser282, Cx43SD, and blocking phospho-mimetic Cx43Ser282, Cx43SA on the devices using fluorescence labeled 70 kDa Texas red dextran. Scale bar, 100 µm. H) Graph demonstrates the endothelial leakiness measured by diffusive permeability coefficient (Pd) in Ctrl, Cx43WT, Cx43SD, and Cx43SA. N = 3, n = 6. I) Representative images showing barrier function in the devices seeded with ECs and genetically engineered HOBs expressing Cx43SA treated with Hyd, Pred, and Psl, using fluorescence labeled 70 kDa Texas red dextran. Scale bar, 100 µm. J) Graph demonstrates the endothelial leakiness measured by diffusive permeability coefficient (Pd) in Cx43SA with Hyd, Pred, and Psl. The quantitative data are expressed as means ± SD. N = 3, n = 6; significant differences: *, p-value < 0.05, **, p-value < 0.01.
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