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Background: Corticosteroids provide well-established therapeutic benefits; however, they are also accompanied by adverse effects on 
bone. Metformin is a widely used medication for managing type 2 diabetes mellitus. Recent studies have highlighted additional 
therapeutic benefits of metformin, particularly concerning bone health and oxidative stress.
Objective: This research investigates the effects of prednisolone on cellular metabolic functions and bone formation using a 3D 
in vitro model. Then, we demonstrate the potential therapeutic effects of metformin on oxidative stress and the formation of calcified 
matrix due to corticosteroids.
Methods: Human mesenchymal stem cells (MSCs) and macrophages were cultured in a 3D GelMA scaffold and stimulated with 
prednisolone, with and without metformin. The adverse effects of prednisolone and metformin’s therapeutic effect(s) were assessed by 
analyzing cell viability, osteogenesis markers, bone mineralization, and inflammatory markers. Oxidative stress was measured by 
evaluating reactive oxygen species (ROS) levels and ATP production.
Results: Prednisolone exhibited cytotoxic effects, reducing the viability of MSCs and macrophages. Lower osteogenesis potential was 
also detected in the MSC group. Metformin positively affected cell functions, including enhanced osteoblast activity and increased 
bone mineralization. Furthermore, metformin effectively reduced oxidative stress, as evidenced by decreased ROS levels and increased 
ATP production. These findings indicate that metformin protects against oxidative damage, thus supporting osteogenesis.
Conclusion: Metformin exhibits promising therapeutic potential beyond its role in diabetes management. The capacity to alleviate 
oxidative stress highlights the potential of metformin in supporting bone formation in inflammatory environments.
Keywords: corticosteroid, osteogenesis, inflammation, bone, metformin

Introduction
Corticosteroids are widely used in clinical practice, such as autoimmune disorders and chronic inflammatory diseases, for their 
potent anti-inflammatory and immunosuppressive effects.1,2 Despite their therapeutic benefits, corticosteroids are associated 
with several adverse effects that can significantly impact patient health, particularly in the musculoskeletal system. 
Corticosteroids inhibit osteoblast proliferation, reduce bone formation, and increase bone resorption.3,4 Additionally, corti
costeroids induce oxidative stress and inflammation, which contribute to the pathology of osteonecrosis of the femoral head 
(ONFH); this results in progressive bone and joint damage,5,6 which may result in hip arthroplasty. Although the development 
of ONFH is complex, this condition is associated with the impact of corticosteroids on bone metabolism and cellular 
activity.7,8 Besides, corticosteroids can cause a dysregulation of glucose metabolism, which may lead to steroid-induced 
diabetes (SID). Insulin therapy is one of the most widely adopted methods for addressing diabetes.9 However, corticosteroids 
increase insulin resistance and elevate levels of blood glucose. Patients with type 2 diabetes mellitus who received insulin 
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therapy exhibited a more accelerated loss of bone mineral density, leading to the development of osteoporosis.10 

Understanding the underlying mechanisms is crucial in exploring potential strategies to mitigate the adverse effects of 
corticosteroids on the musculoskeletal system.

In the context of exploring interventions to mitigate the negative effects associated with corticosteroid use, particularly 
concerning ONFH and SID, the utilization of antioxidant therapies or agents that reduce oxidative damage may prove useful. 
Metformin is a widely used medicine in managing type 2 diabetes11 and is known for its ability to effectively regulate blood 
glucose levels. Metformin may help reduce insulin resistance which might also limit the negative effects of high insulin 
levels.12 While its role in glycemic control is well-established, emerging research has elucidated additional therapeutic 
potential uses for metformin, particularly in preventing or alleviating corticosteroid-induced complications. Osteoporosis 
induced by steroids is frequently aggravated by inflammatory processes. Metformin shows anti-inflammatory properties 
which may protect bone by reducing the inflammatory bone loss that accompanies chronic steroid treatment.13,14 

Corticosteroids also contribute to oxidative stress by increasing the production of reactive oxygen species (ROS) and 
impairing the body’s antioxidant defenses.15,16 For example, prednisolone has been reported to increase the level of ROS in 
corneal epithelial cells while simultaneously reducing the cell viability.17 Subsequently, the elevated ROSs damage cells and 
affects cell viability. Recent studies have also expanded our understanding of metformin beyond its antidiabetic effects, 
revealing a significant impact on bone metabolism. Metformin has been shown to mitigate oxidative stress through several 
mechanisms. One of the major ways is by activating AMP-activated protein kinase (AMPK), a key regulator of cellular 
energy. AMPK activation improves mitochondrial function and reduces the overproduction of reactive oxygen species 
(ROS).18,19 Besides, activation of the Akt/Nrf2 signaling pathway by metformin provides protection against oxidative stress- 
related damage while encouraging osteogenesis.20 Furthermore, metformin diminishes the production of endogenous ROS 
and the consequent DNA damage.21 These combined effects make metformin a potent agent for mitigating oxidative stress, 
which is crucial for preserving bone homeostasis and normal function.

3D cell culture models become essential tools for studying complex cellular interactions and simulating in vivo systems.22 

The 3D culture system provides a more physiologically relevant environment for exploring cellular interactions and drug 
effects. Mesenchymal stem cells (MSCs) have significant advantages when investigating bone formation due to their potential 
for differentiating into various cell types, including osteoblasts, chondrocytes, and adipocytes.23 Macrophages contribute to 
the regulation of bone remodeling by secreting inflammatory cytokines that license MSCs and forming osteoclasts.24 By 
incorporating both MSCs and macrophages within a 3D scaffold, our goal was to elucidate how prednisolone influences 
cellular interactions and how metformin might alleviate any adverse effects induced by prednisolone.

Here, we applied a 3D culture system that encapsulates MSCs and macrophages to mimic the bone microenvironment and 
investigated the effects of varying concentrations of prednisolone on MSCs and their interactions with macrophages. We 
focused on oxidative stress, osteogenic potential, and inflammatory regulation. We investigated the impact of prednisolone 
and metformin on MSC osteogenic potential by assessing gene expression as well as calcium deposition. Additionally, ROS 
and ATP production were quantified in MSCs and macrophages. Finally, we co-cultured MSCs and macrophages in one 
system and explored oxidative stress and osteogenesis. This comprehensive research will provide valuable insights into the 
mechanisms underlying corticosteroid effects on MSCs and the potential benefits of adding metformin when corticosteroids 
are used, contributing to the development of more effective treatment strategies in preventative and regenerative medicine.

Method
Fabrication of GelMA
GelMA scaffold was synthesized according to a previously described procedure.25 Briefly, a solution of 15 grams of 
gelatin was prepared by dissolving it completely in 500 mL water. Subsequently, 15 mL of methacrylic anhydride was 
introduced into the solution. The mixture was then incubated in a shaker at 150 rpm and 37°C for 24 hours. The 
methacrylated gelatin (mGL) solution was dialyzed at room temperature for 4 days against water. The mGL was 
subsequently dissolved in Hank’s balanced salt solution (HBSS) at a concentration of 10% (w/v), with the incorporation 
of 0.15% (w/v) of the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 1% of antibiotic- 
antimycotic.
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Culture of MSC and Macrophage and 3D System Setup
Human bone marrow-derived MSCs used in this study were provided by Dr. Hang Lin at the University of Pittsburgh. 
These MSCs were isolated from the surgical waste (femoral head and trabecular bone) of de-identified patients under
going total hip arthroplasty (THA) with Institutional Review Board (IRB) approval from both the University of 
Washington and the University of Pittsburgh. Human MSCs were cultured in DMEM medium supplied with 10% 
FBS, 1% antibiotic-antimycotic, and 1 ng/mL fibroblast growth factor (FGF). Cells were passaged upon reaching 
70–80% confluency. Human buffy coats were ordered from Stanford Blood Center. Monocytes were isolated using 
EasySep™ Human Monocyte Isolation Kit (STEMCELL Technologies). Monocytes were cultured in a macrophage 
induction medium (RPMI supplemented with 10% FBS, 1% antibiotic-antimycotic, and 100 ng/mL M-CSF) for 5 days.

MSCs or macrophages were loaded onto GelMA scaffold at a concentration of 10 million/mL. 3D MSC scaffolds were 
cultured in osteogenic medium (DMEM, 10% FBS, 1% antibiotic-antimycotic, 50 µM L-ascorbic acid, 10 mm β- 
glycerophosphate, 100 mm Vitamin D3, and 100 ng/mL bone morphogenetic proteins 7 (BMP-7)). 3D macrophage scaffolds 
were cultured in macrophage induction medium. In the co-culture system, scaffolds were cultured in a medium that consisted 
of half osteogenic medium and half macrophage induction medium.

Live/Dead Validation
Cell viabilities were measured using LIVE/DEAD™ Viability/Cytotoxicity Kit (ThermoFisher SCIENTIFIC, L3224). 
The working solution contains 0.1 µM calcein AM solution and 8 µM ethidium homodimer-1. Scaffolds were washed 
using PBS and then incubated in a working solution for 30 min in an incubator. After that, scaffolds were washed using 
PBS again and imaged using a Keyence microscope. Three images were taken per scaffold, and three scaffolds were 
measured in each group.

Cellular Oxidative Stress Assay (ROS and ATP Staining)
DCFDA - Cellular ROS Assay Kit (Abcam, ab113851) was applied to assess ROS production. Scaffolds were stained with 
DCFDA for 45 min in a 37°C incubator. Then, the fluorescent images were captured using a confocal microscope (Leica 
STELLARIS 5) with an excitation/emission at 485 nm/535 nm.

To measure the ATP production, scaffolds were stained with 5 µM BioTracker ATP-Red Live Cell Dye (Millipore Sigma, 
SCT045) for 15 min. After washing scaffolds with PBS buffer, the fluorescent images were captured with emission 570 nm. 
Three images were recorded for each scaffold, and within each group, three scaffolds were evaluated.

In the co-culture group, MSCs were pertained with LysoTracker™ Deep Red (ThermoFisher, L12492) to trace cells. 
Briefly, MSCs were first stained with Deep Red fluorescent dye. After staining, the cells were detached using trypsin and 
co-cultured with macrophages in GelMA.

Quantification of Inflammatory Cytokine by ELISA
ELISA was conducted according to the manufacturer’s introduction. ELISA kits for measuring IL10 (88-7106-22), TNFα 
(88-7346-22), and IL6 (88-7066-86) were ordered from ThermoFisher SCIENTIFIC. ELISA kits for measuring CCL18 
(DY394) and IL1b (DY201-05) were ordered from R&D Systems. We first coat the plate overnight with the correspond
ing antibody at 4°C. After washing, block with a blocking buffer for 1 hour at room temperature. Then, samples or 
standards were added to the wells and incubated for 2 hours. Subsequently, rewash and add the secondary antibody to 
each well. After adding substrate solution for 15 min, the reactions were stopped with a stop solution, and the absorbance 
was measured using a microplate reader.

Gene Expression by Real-Time PCR
mRNA was extracted by crushing scaffolds in TRIzol to release nucleic acids. After a 5-minute incubation, chloroform was 
added to separate the mixture. After centrifuge, the upper aqueous phase containing RNA was transferred to a new tube. Then, 
the RNA was precipitated by adding isopropanol and incubated for 10 minutes. After centrifugation, the RNA pellet was 
washed with 75% ethanol, air dry, and dissolved in RNase-free water. Finally, measure RNA concentration using nanodrop. 
RNA was converted to cDNA using iScript™ cDNA Synthesis Kit. Primers for qPCR were ordered from ThermoFisher 
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SCIENTIFIC, including CCL18 primer (Hs00268113_m1), IL6 primer (Hs00174131_m1), IL10 primer (Hs00961622_m1), 
IL1b primer (Hs01555410_m1), RUNX2 primer (Hs01047973_m1), ALPL primer (Hs01029144_m1), PPARG primer 
(Hs01115513_m1), PLIN1 primer (Hs00160173_m1), CEBPA primer (Hs00269972_s1), LPL primer (Hs00173425_m1), 
and GAPDH primer (Hs02786624_g1).

Osteoblast Differentiation Assay by ALP Staining and ARS Staining
For ALP quantification, scaffolds were cultured for 7 days and fixed using 4% paraformaldehyde. Then, scaffolds were stained 
with 1-Step™ NBT/BCIP Substrate Solution (ThermoFisher SCIENTIFIC, 34042) for 4 hours. For Alizarin Red S staining 
(ARS) quantification, scaffolds were cultured for 21 days. Then, the fixed scaffolds were stained with ARS solution for 
30 seconds.

The scaffolds were dehydrated by 15% sucrose and 30% sucrose solutions sequentially. Afterward, the scaffolds were 
embedded in optimal cutting temperature (OCT) and stored at −80°C. Microtome was applied to section frozen OCT- 
embedded scaffolds. A Keyence microscope was used to capture images.

Statistical Analysis
Three independent experiments were performed for all assays. Statistical analysis of data was performed with GraphPad 
Prism software using ANOVA. Results with a p-value of less than 0.05 were statistically significant. All results in the 
graphs are presented as mean ± SD.

Results
Dose Effect of Prednisolone on the Cell Viability of MSCs
We investigated the effect of prednisolone on MSC viability and whether there was a concentration dependence using a 3D 
GelMA system. Therefore, we tested the MSCs viability treated with 3, 30, 150, and 300 ng/mL prednisolone. Figure 1 

Figure 1 Impact of different concentrations of prednisolone on MSCs viability and osteogenic potential. (A) Comparison of MSCs’ viability on day 7. (B) Representative 
fluorescent image of live/dead assay. Green dots represent live cells, while red dots represent dead cells. (C) Comparison of ALP level on day 7. (D) Comparison of ARS 
level on day 21. (“ns” for “no significant difference”, *p < 0.05, ***p < 0.001, ****p < 0.0001).
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shows reduced cell viability was observed at a concentration of 3 ng/mL on day 7 versus control with statistical significance. 
This suggests that even relatively low concentrations of prednisolone can have a measurable negative impact on cell 
viability.

We further explored the osteogenic effect of prednisolone on MSCs. MSC scaffolds were cultured in an osteogenic 
medium for 3 weeks. We stained our scaffolds with alkaline phosphatase (ALP) on day 7 to assess MSC osteogenic potential. 
We found that an increase in staining area was observed at the 150 ng/mL concentration compared to the 3 ng/mL group, at 
which no significant change was observed in other groups. We stained our scaffolds with Alizarin Red S (ARS) on day 21 to 
quantify areas of calcium deposition. A decrease in the staining area was observed in the prednisolone groups, which 
suggested a negative correlation with the concentration of prednisolone. Higher concentrations of prednisolone reduced the 
staining area. Our analysis revealed that prednisolone significantly impacts the osteogenic differentiation of MSCs.

Protective Effect of Metformin on Prednisolone-Suppressed Osteogenesis by MSCs
We assessed the impact of prednisolone and metformin on reactive oxygen species (ROS) and ATP production in MSCs 
on day 1, which provided valuable insights into the drug’s early effects on cellular stress and energy metabolism. Cellular 
ROS production was quantified by cell-permeant reagent 2ʹ,7ʹ-dichlorofluorescin diacetate (DCFDA), which is oxidized 
to a fluorescent compound by ROS. 10 µM metformin was used in our experiments. The levels of ROS increased by 50% 
in the 3 ng/mL prednisolone group, while the levels of ROS did not change in the metformin group. The treatment of the 
MSC scaffold with prednisolone and metformin reduced ROS levels, which were lower than those observed in the 
control group. ATP level is another critical energy marker to indicate metabolic features. A significantly reduced ATP 
level was observed in the prednisolone group, which suggested that prednisolone impairs cellular energy metabolism. 
Adding 10 µM metformin resulted in a recovery of ATP levels; however, these levels remained lower than those 
observed in the control group. The results demonstrated that metformin contributes to the recovery of normal ROS and 
ATP expression when stimulated with prednisolone, although it does not achieve complete normalization.

We further investigated the protective effect of metformin on the osteogenic potential of MSCs in the context of 
prednisolone and metformin treatment together. MSCs were cultured with osteogenic medium with or without predni
solone for 3 weeks. Separate groups of MSCs were co-treated with metformin and prednisolone, or metformin only. 
Runt-related transcription factor 2 (RUNX2) and ALPL are essential markers for MSC osteogenesis. As shown in 
Figure 2, qPCR results indicated that the decreased expression of RUNX2 caused by prednisolone is completely reversed 
by metformin. In addition, a higher expression of the ALPL gene was detected in the prednisolone group, and metformin 
enhanced ALPL levels. We further checked calcium matrix formation by ARS staining. Metformin increased ARS area 
observed in the group treated with both prednisolone and metformin. Thus, we found that metformin significantly 
mitigated the adverse impacts of prednisolone on osteogenesis.

The adipogenic potential of MSCs was also investigated by comparing the gene expression of peroxisome prolif
erator-activated receptor gamma (PPARG), CCAAT/enhancer-binding protein-alpha (CEBPA), lipoprotein lipase (LPL), 
and perilipin 1 (PLIN1). We found that 3 ng/mL prednisolone increased the expression of CEBPA, LPL, and PLIN1 
indicating an effect on adipogenesis. Metformin did not change the adipogenic potential of MSCs. However, the 
combination of prednisolone and metformin exhibited the most significant effect on adipogenesis.

The findings demonstrate that metformin can effectively protect against the impairment in osteogenesis caused by 
prednisolone-exposed MSCs. By normalizing ROS levels and supporting cellular energy metabolism, metformin helps 
preserve the osteogenic potential of MSCs.

Dose Effect of Prednisolone on the Macrophage Function
Macrophages serve as key regulators in both inflammatory responses and bone homeostasis. To assess the impact of 
prednisolone on macrophage viability at different concentrations, we also used 0 (control group), 3 ng/mL, 30 ng/mL, 
150 ng/mL, and 300 ng/mL to cover a range of physiological and potentially toxic levels. Compared to the control group, 
significant decreases in viability were detected beginning at a dose of 3 ng/mL group, as shown in Figure 3A.

Macrophages regulate immune responses by polarization to different phenotypes and secreting various cytokines. We 
collected the culture supernatants on days 2 and 5 and measured the pro-inflammatory cytokines (IL1β, IL6, and TNFα) 
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Figure 2 Metformin mitigates the osteogenic impairment by prednisolone in MSCs. (A) Statistical analysis of ROS level, (B) and the representative figures. (C) Statistical 
analysis of ATP level, (D) and the representative figures. (E) Representative figures of ALP level, and (F) the statistical analysis. (G) Representative figures of ARS expression, 
and (H) the statistical analysis. (I) qPCR comparison of osteogenic genes including RUNX2, ALPL, SPP1, and SPARC. (L) qPCR comparison of adipogenic genes including PPARG, 
CEBPA, LPL, and PLIN1. (“ns” for “no significant difference”, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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and anti-inflammatory cytokines (IL10 and CCL18) by ELISA. As shown in Figure 3, a significant increase in the levels 
of CCL18 was observed in the group treated with 3 ng/mL prednisolone. The expression of TNFα and IL6 was found to 
be reduced in the 3 ng/mL group. The level of IL10 and IL1b did not change at low concentrations of prednisolone.

Protective Effects of Metformin on Prednisolone-Treated Macrophages
Prednisolone impacts ROS production, which plays a crucial role in inflammation. We measured the ROS and ATP 
production in macrophages after 1 day of incubation treated with or without prednisolone. As shown in Figure 4A and B, 
prednisolone did not change ROS and ATP expression in macrophages. In contrast, metformin was found to enhance the 
expression of both ROS and ALP.

We expanded our analysis of inflammation-related cytokine levels by ELISA. As shown in Figure 4C, pro-inflammatory 
markers (IL-1β and IL6) and anti-inflammatory markers (CCL18 and IL-10) were measured. Within the group treated with 
prednisolone and metformin, the concentrations of CCL18 tend to return to their control levels. We also checked the gene 
expression on day 5, but most of the genes were not detectable, indicating low cytokine expression after day 5.

Figure 3 Impact of different concentrations of prednisolone on macrophage viability and inflammation properties. (A) Histogram shows macrophages’ viability on day 7, and 
(B) representative fluorescent image of cells. (C) ELISA results of cytokine expressions of IL1b, IL6, TNFα, IL10 and CCL18. (“ns” for “no significant difference”, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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Effect of Metformin on the Co-Culture of MSCs and Macrophages
We co-cultured MSCs with macrophages in a 3D scaffold to provide a more realistic system. The 3D co-culture model was 
applied to test the effects of prednisolone and metformin on the interactions between MSCs and macrophages. Before co- 
culturing, we stained the MSCs with a Deep-red dye to facilitate tracking, which allows for a clear distinction between MSCs 
and macrophages. Figure 5A - C shows the ROS expression level in MSCs and macrophages. The results indicated that 
prednisolone led to an increase in ROS levels in MSCs, but this effect was not seen in macrophages. In contrast, treatment with 
metformin resulted in a reduction of ROS levels, which were lower than those observed in the control group.

We evaluated the osteogenic and adipogenic markers, and the results are shown in Figure 5D and E . ALP staining 
on day 7 shows no significant difference among different groups. ARS staining on day 21 indicated that prednisolone 
reduced calcium deposition, while metformin contributed to the preservation of this effect. Gene expressions on day 21 
were tested by qPCR as shown in Figure 5F. Cells subjected to prednisolone and metformin showed high expression of 
SPARC, contrasted by a decrease in CEBPA level. These results suggested that metformin contributes to the recovery of 
osteogenic capabilities in MSCs that have been adversely affected by prednisolone. We also measured cytokine levels and 
other secreted factors to assess the impact of co-culture conditions on inflammation. The results are shown in Figure 5G. 
Metformin recovered IL1b and TNFα reduced by prednisolone. However, metformin did not affect other cytokine levels.

Figure 4 Metformin regulates macrophage functions. (A and B) Comparison of ROS level and ATP production in macrophages. (C) ELISA results of cytokine expressions of 
IL1b, IL6, TNFα, IL10 and CCL18. (“ns” for “no significant difference”, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5 The therapeutic effect of metformin on MSC-macrophage co-culture system. (A and B) Comparison of ROS expression in MSCs and macrophages in the co- 
culture system, and (C) representative images. (D and E) Comparison of ALP and ARS on day 7 and day 21 representative. (F) qPCR comparison of osteogenic genes and 
adipogenic genes. (G) Cytokine secretion on day 2 and day 5. (“ns” for “no significant difference”, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Discussion
Prednisolone is widely used to manage inflammation and reduce pain in arthritic conditions, asthma, and many other 
diseases.26,27 While prednisolone demonstrates considerable effectiveness, it is primarily utilized for short-term management 
due to the risk of adverse effects from long-term use. Prolonged prednisolone treatment can lead to osteoporosis due to 
decreased bone formation and increased bone resorption.28 This effect has been documented in both animal models and human 
studies. Osteoporosis is induced through several mechanisms. For example, prednisolone promotes Notum expression and 
inhibits the PI3K/AKT/GSK3β/β-catenin pathway which will induce osteocyte apoptosis.29 Prednisolone also modulates the 
Wnt/β-catenin signaling pathway and ERK signaling pathway.30,31 In addition, prednisolone directly regulates the production 
of intracellular ROS. The increased ROS production occurs mainly through disruption of the oxidative and glycolytic balance 
in cells. This leads to long-term inflammation, increased cell apoptosis, and alternated cell activities. The administration of 
prednisolone led to a reduction in the generation of ROS at the cellular level, as assessed by the DCFH-DA assay.32 The 
activation of the NOX/ROS/NF-κB signaling pathway leads to MSC apoptosis and interferes with MSC differentiation, which 
plays a pivotal role in the development of ONFH.33 The effects of prednisolone on the production of intracellular ROS were 
also reported in human platelets, which may contribute to the anti-inflammatory actions of these agents.34 The possible 
mechanisms underlying the effects of prednisolone on immune cells also include heightened oxidative stress and reduced 
energy production, which can account for alterations in cell functionality and phenotype. For example, prednisolone 
suppressed the M1 macrophage markers, including chemokine ligand 2, C-X-C chemokine motif 10, tumor necrosis factor- 
α and CD80. The results indicated that prednisolone inhibited the polarization of monocytes/macrophages towards the M1 
phenotype.35 ROS recruits and polarizes macrophages to the M2 phenotype.36,37 Evaluating ROS production and ATP levels 
provides a comprehensive view of how prednisolone impacts MSCs and macrophages at the biochemical level. Considerable 
progress has been made in the development of therapeutic strategies that target ROS in stem cells for bone therapy.

Previous research has suggested that the effective concentration of prednisolone typically peaks at several hundred 
nanograms per milliliter.38,39 We tested the effects of different concentrations of prednisolone (ranging from 3 ng/mL to 
300 ng/mL) on cell viability and function. We found that 3 ng/mL of prednisone significantly affected the viability of 
MSCs and macrophages. We chose this concentration for subsequent studies. The values of plasma metformin concen
trations range from 0.129 to 90 mg/L.40 However, the therapeutic serum concentration of metformin for bone protection 
is poorly investigated as most research focuses on glucose modulation. Future research is needed to determine the 
therapeutic range of metformin in the context of corticosteroid-induced bone diseases.

One strategy to mitigate the adverse effects of prednisolone is combining corticosteroids with drugs that promote bone 
formation and minimize bone destruction. Metformin’s potential to mitigate oxidative stress through its antioxidant properties 
is of significant interest.41,42 Metformin enhances cellular antioxidant defenses and improves mitochondrial function through 
the activation of the AMP-activated protein kinase (AMPK) pathway, resulting in a reduction of oxidative damage.43,44 

Metformin enhances the proliferative capacity and survival of multipotent stromal stem cells, suggesting an anti-apoptotic 
effect that is associated with reduced ROS activity.45 Metformin promotes cell proliferation and osteogenesis under high 
glucose conditions by regulating the ROS-AKT-mTOR axis.46 Others have suggested that the mechanism by which metformin 
treatment decreases oxidative stress is associated with the metabolic pathway involving Sirtuin 3 (SIRT3). Activation of the 
SIRT3 pathway by metformin contributed to the reduction of oxidative stress in chondrocytes.47 Besides MSCs, metformin 
demonstrated an inhibitory effect on the production of ROS by human M2 macrophages through the activation of AMPK.48 

One potential strategy to preserve bone tissue is by facilitating intracellular energy generation and managing the response to 
oxidative stress. Several clinical trials assessing the antioxidant properties of metformin have been registered.49,50 The 
findings from these trials have the potential to identify additional uses for metformin.

3D culture more closely replicates in vivo tissue architecture than 2D culture and is a more authentic methodology for the 
assessment of biological mechanisms and drug effects on tissue regeneration. 3D culture of MSCs mimics the cellular 
behavior and differentiation pattern closely resembling those found in vivo.51 This enhanced physiological relevance provides 
a more authentic and accurate prediction of prednisolone and metformin affecting cellular processes and interactions within 
a complex tissue context. Our study evaluated the effects of metformin administration following corticosteroid exposure on 
cellular behavior, oxidative stress mechanism, and matrix mineralization in in-vitro 3D cell cultures encapsulating MSCs ± 
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macrophages. Our findings reveal that prednisolone significantly impairs osteogenic differentiation, as evidenced by reduced 
MSC viability, mineralization, and osteogenic markers compared to controls. We also detected a high expression of anti- 
inflammatory cytokines in the macrophage culture group. Prior studies have demonstrated that prednisolone reduced the 
osteogenic potential of MSCs;52 metformin reduces ROS, thereby enhancing the osteogenic characteristics of mesenchymal 
stem cells MSCs.53 Our results agree with this previous research. We subsequently administered metformin to the predniso
lone-treated MSCs, demonstrating the protective effect of metformin against the adverse effects induced by prednisolone. We 
further conducted a 3D co-culture of MSCs with macrophages and treated the cells with prednisolone to study the interactions 
between these cells and the effects of corticosteroid treatment and metformin administration. Our results suggest that 
metformin preserves MSC osteogenic potential in the co-culture environment. These interactions highlight the complexity 
of corticosteroid effects on stem cell behavior in an inflammatory context. Understanding the mechanisms may facilitate the 
development of more focused therapeutic approaches for mitigating corticosteroid-related adverse effects and improving 
regenerative treatment outcomes.

This study has a few limitations. Prednisolone modifies properties in bone diseases such as ONFH through several 
mechanisms. Besides decreasing MSCs osteogenesis, prednisolone also influences the vascular system, thereby impairing 
skeletal angiogenesis.54 Metformin also inhibits angiogenesis.55,56 While prednisolone and metformin are important in 
regulating inflammation and bone health, their effects on angiogenesis highlight the need for complementary treatments 
that support vascularization in bone repair. Endothelial cells were not included in our model. The interactions between 
endothelial cells and other cell types in the context of vascularization were not assessed. Research has also shown that 
prednisolone facilitates MSC differentiation into adipocytes.57,58 We showed that prednisolone enhanced adipogenic 
differentiation, which is consistent with known adverse effects of corticosteroids. Future studies could focus on 
identifying key signaling pathways involved in the regulation of adipogenesis in the presence of corticosteroids. 
Exploring potential interventions that could mitigate the negative impact of corticosteroids on adipogenic potential is 
needed. Additionally, the long-term of safety in applying metformin for the preservation of bone health should be studied. 
The MSCs used in our study were derived from healthy donors. Future studies would benefit from using MSCs harvested 
from patients who have received prednisone treatment; this would provide data regarding the individualistic cellular 
response to metformin. Using MSCs derived from multiple donors would provide a more comprehensive understanding 
of cellular responses, as well as facilitate the development of precision medicine approaches.

Conclusion
Our findings demonstrate that prednisolone reduced cell viability even at a low dosage and negatively affected the 
osteogenic potential of MSCs; prednisolone was also associated with an increased ROS level. In addition, prednisolone 
modulated the immunomodulation properties of macrophages by increasing pro-inflammatory and anti-inflammatory 
cytokines. While additional research is necessary to clarify the practical use of metformin in steroid-induced diabetes, 
metformin helps preserve the osteogenic potential of MSCs by normalizing ROS levels and supporting cellular energy 
metabolism. This underscores the potential for metformin to be used as a therapeutic agent in combination with 
corticosteroids to mitigate adverse effects on bone formation and potentially enhance overall treatment outcomes.
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