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Abstract 
Background: BM-MSCs are potential candidates for the treatment of MI. In vitro hypoxia pretreatment of BM-MSCs improves 
survival, proliferation, and homing of these cells. The present study aims to investigate the effect of hypoxia on the growth, 
survival, and differentiation potential of these cells.  
Methods: Ten male SD rats were obtained from the animal house of the university. Bone marrow was collected, cells were 
isolated, and cultured. Cells were divided into hypoxic (1%) and normoxic (21%) groups. Hypoxia was given for 0h, 12h, 24h, 
36h, and 48h. MTT and crystal violet assays were performed for cell viability. The 24h hypoxic and normoxic groups were 
treated with 5-AZA for cardiac differentiation, and morphology was observed.   
Results: Improved cellular growth, proliferation, and survival in the hypoxic group. MTT and crystal violet results showed 
the highest proliferation at 24 h of hypoxia. A decline in growth was observed at 36-48 h of hypoxia. Cardiomyocyte–like 
morphology was observed with better growth in 24h hypoxia as compared to normoxia.  
Conclusion: In vitro hypoxia treatment caused improved growth, survival, and differentiation potential of BM-MSC. 
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Introduction: 
Stem cell therapy represents a novel therapeutic strategy for cardiovascular disease, especially after myocardial infarction (MI) 
(1). Stem cells can be obtained from various sources, but bone marrow-derived mesenchymal stem cells (BM-MSCs) have 
shown effects that are more promising in the treatment of MI. Numerous preclinical studies and clinical trials have been 
conducted to date, showing that MSC transplantation improves cardiac function, including reduced infarct size, improved left 
ventricular function, and reduced remodeling (2). However, poor homing and survival of these cells in the harsh post-MI 
myocardial environment. It is crucial to explore novel techniques to improve the homing, survival, and differentiation potential 
of BM-MSC to enhance their cardiac repair functions (3).  
BM-MSCs are sourced from bone marrow, where oxygen concentration is low. By creating a hypoxic environment, this actually 
mimics the physiological niche of these cells, thus promoting the survival and differentiation potential of bone marrow-derived 
stem cells (4). Previous studies have shown that low oxygen levels (hypoxia) enhance the chondrogenic and osteogenic 
differentiation potential of these cells. Hypoxia improves survival and cardiomyogenic differentiation of MSC, embryonic stem 
cells (ESCs), and induced pluripotent stem cells (iPSCs) (5). Hypoxia-induced stress leads to modifications in genes and 
proteins associated with cardiomyocyte differentiation. Hypoxia-inducible factor-1α (HIF-1α) upregulation was observed in 
MSCs preconditioned under hypoxia (6). A recent study suggested that hypoxia reduces levels of reactive oxygen species 
(ROS), thereby enhancing heart regeneration after MI (7).  
The aim of the current study is to investigate the in vitro effect of hypoxia on the growth, proliferation, and differentiation 
potential of BM-MSC into cardiomyocyte-like cells.  
 
Material and Methods 
The review and ethical board of the University of Lahore approved the study (Ref-IMBB/BBBC/24/906-A). Sprague-Dawley 
(SD) male rats (n=10), weighing 120-180g, were obtained from the animal house facility of the university. Handling, experiment 
and care of the animals were in accordance with ethical guidelines laid by the University of Lahore.  
Bone marrow was obtained from the tibia and femur of SD rats, following aseptic techniques. Cells were isolated and cultured 
in culture media composed of fetal bovine serum (10%), penicillin, streptomycin, and phenol red. Cells were cultured until 
they reached 80% confluence. Adherent cells were trypsinized and divided into groups. Subculturing of cells was performed 
under two conditions: normoxia (20% oxygen) and hypoxia (1% oxygen).  10 μM 5-Azacytidine (5-AZA) (Sigma–Aldrich) was 
added to the culture media for cardiomyocyte differentiation, and cells were incubated for 24 hours. The media was replaced 
every 3 days for 14 days. Cardiomyocyte-like differentiation was achieved. Cell viability was assessed by MTT and crystal violet 
analysis by the method delineated by Maqbool et al. (8). Morphological analysis of cultured cells was done by the Floid cell 
imaging station.  
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Statistical analysis 
Data was entered and analyzed by using GraphPad Prism version 8. Data were expressed in mean ± SD, and p <0.05 and p 
<0.01 were considered statistically significant. 
 
Results 
Cell viability analysis  
The MTT and crystal violet assays were performed to assess the effect of hypoxia on cell viability (Figure 1a-d). Better growth 
and viability of cells were observed in the hypoxic group as compared to the normoxic group. Viability at 12 and 24 hours of 
hypoxia was more rapid than in normoxia (p < 0.001). A decline in viability was observed at 36 and 48 hours of hypoxia 
preconditioning. These results suggested that in vitro pretreatment of BM-MSCs with hypoxia for 24 hours could effectively 
boost the proliferation potential of these cells.   

 
Figure 1(a-d). MTT and Crystal violet assays for cell viability, showing higher absorbance and % viability in the hypoxic 

group, peaking at 24h compared to the normoxic group. Data expressed in mean± SD. ** p=0.02, ***p<0.01 
 
Morphological analysis 
Figure 2a-j showed the stem cells' morphology at 0h, 12h, 24h, 36h, and 48h, respectively. Round, floating cells at 0h and 
characteristic BM-MSC features in cells at 12h, 24h, 36h, and 48h were observed. Cells were typically spindle-shaped with 
processes, and growth was greater in the hypoxic group than in the normoxic group. After a peak in growth at 24h, a decline 
was observed at 36-48 hours of hypoxia. Figures 3a and b showed cardiac myocyte-like differentiation of BM-MSC in both 
the normoxic and the 24 h hypoxic groups. Cells showed cardiomyocyte-like morphology with a typical branching network. 
These results suggested that hypoxia could promote the proliferation, growth, and cardiac differentiation potential of BM-
MSC. 

 
Figure 2 (a-j). Morphology analysis of BM-MSC on 0h, 12h, 24h, 36h, and 48h, respectively, between hypoxic and normoxic 
groups. Cell proliferation is enhanced in the 24h hypoxia group as compared to normoxia. Decline in growth on 36 and 48h 

of hypoxia. 
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Figure 3 (a-b). Cardiomyocyte-like morphology of BM-MSC in normoxic and 24h hypoxic group. Images taken from the 

floid cell imaging station on day 14. Cell growth is higher in the 24h hypoxic group than in the normoxic group. 
 
Discussion 
Mesenchymal stem cells are an appealing source for reparative and regenerative medicine. MSCs can be obtained from various 
sources, but BM-MSCs show promising potential in cardiovascular disease treatment (9). Previous studies have demonstrated 
the beneficial role of BM-MSCs in improving cardiac function and reducing infarct size after transplantation. BM-MSC can be 
successfully differentiated in cardiomyocytes, especially after MI (10,11). This also signifies the importance of hypoxia and 
BM-MSC differentiation and cardiac repair after a stressful, harsh hypoxic environment of the heart (12).   
Microenvironment and culture conditions directly affect the therapeutic and differentiation potential of these cells (13).   
Previous research has shown the roles of oxygen tension and MSC differentiation potential (14,15). A study by Jackson et al. 
concludes that oxygen acts as a key factor in stem cell biology (16).  
Standard culture practices are carried out under normoxic conditions with 21% oxygen concentration. Nevertheless, under 
physiological conditions, oxygen tension and levels differ from tissue to tissue, ranging from 1-13%. BM-MSCs are commonly 
cultured under normoxic conditions, although the oxygen concentration in the bone marrow is very low, ranging from 1% to 
7%. This implies that, for BM-MSCs, exposure to in vitro hypoxic conditions mimics the physiological niche of these cells 
(17,18). Studies concluded that high oxygen concentration can be lethal and leads to the production of reactive oxygen species 
(19). ROS-associated damage to the myocardium is the leading pathophysiological mechanism in MI. Hypoxia reduces ROS 
production and accumulation, thereby improving cardiac repair (20). Moreover, in vitro hypoxic pretreatment of BM-MSC 
closely resembles the physiological microenvironment of these cells and thus improves their proliferation, differentiation 
potential, engraftment, and survival (21).  
A study conducted by Kahrizi et al. showed that hypoxia improved in vitro chondrogenic, adipogenic, and osteogenic 
differentiation potential of MSC under low oxygen tension, especially 3% O2 (22). In the present study, we investigate the 
effect of hypoxia on the proliferation, survival, growth, and differentiation potential of BM-MSC. The current study revealed 
that 12 and 24 hours of hypoxia enhance the proliferation rate and viability of BM-MSCs compared to normoxia, peaking at 
24 hours. Morphology of BM-MSCs in the current study revealed changes over time, with cells exhibiting typical BM-MSC-
like features. Cardiomyocyte-like differentiation was also observed afterward, with a higher proportion of cells in the hypoxia 
group than in the normoxic group.   
 
Conclusion 
This study concluded that hypoxia affects the bio-effectiveness of in vitro BM-MSCs. Hypoxia promotes the in vitro survival 
and differentiation potential of BM-MSCs. Further studies are required to explore the mechanistic insight for improving the 
homing and engraftment of BM-MSCs in the treatment of MI. 
 
Conflict of interest 
No conflict of interest.  
 
Funding 
No funding  
 
References 
1. Richards J, Laurin E, Schandera V, Richards A, Wang C, Brandolino M, et al. Stem Cell Therapy for Acute Myocardial 

Infarction and Cardiomyopathy: The Emergency Medicine Perspective. Med Res Arch. 2025;13(9). 
doi:10.18103/MRA.V13I9.6911 

2. Bakinowska E, Kiełbowski K, Boboryko D, Bratborska AW, Olejnik-Wojciechowska J, Rusiński M, et al. The Role of 
Stem Cells in the Treatment of Cardiovascular Diseases. International Journal of Molecular Sciences. 2024; 31;25(7):3901. 
doi:10.3390/IJMS25073901 PubMed PMID: 38612710. 

3. Sajjad U, Ahmed M, Iqbal MZ, Riaz M, Mustafa M, Biedermann T, et al. Exploring mesenchymal stem cells homing 
mechanisms and improvement strategies. Stem Cells Transl Med. 2024 Dec 16;13(12):1161–77. 
doi:10.1093/STCLTM/SZAE045 PubMed PMID: 39550211. 

Normoxia 24h Hypoxia 



700 " Effect of hypoxia on cardiomyocyte differentiation potential of bone marrow-derived mesenchymal stem cells: In vitro experimental study 
 

www.KurdishStudies.net 

4. Li C, Zhao R, Yang H, Ren L. Construction of Bone Hypoxic Microenvironment Based on Bone-on-a-Chip Platforms. 
Int J Mol Sci. 2023 Apr 1;24(8). doi:10.3390/IJMS24086999 

5. Alwohoush E, Ismail MA, Al-Kurdi B, Barham R, Al Hadidi S, Awidi A, et al. Effect of hypoxia on proliferation and 
differentiation of induced pluripotent stem cell-derived mesenchymal stem cells. Heliyon. 2024 Oct 15;10(19):e38857. 
doi:10.1016/J.HELIYON.2024.E38857 

6. Semenza GL. Hypoxia-inducible factors: roles in cardiovascular disease progression, prevention, and treatment. 
Cardiovasc Res. 2023 Mar 31;119(2):371–80. doi:10.1093/CVR/CVAC089 PubMed PMID: 35687650. 

7. Della Rocca Y, Diomede F, Konstantinidou F, Trubiani O, Soundara Rajan T, Pierdomenico SD, et al. Protective effect 
of oral stem cells extracellular vesicles on cardiomyocytes in hypoxia-reperfusion. Front Cell Dev Biol. 2023 Jan 
15;11:1260019. doi:10.3389/FCELL.2023.1260019/TEXT 

8. Maqbool T, Awan SJ, Malik S, Hadi F, Shehzadi S, Tariq K. In-Vitro Anti-Proliferative, Apoptotic and Antioxidative 
Activities of Medicinal Herb Kalonji (Nigella sativa). Curr Pharm Biotechnol. 2019 Aug 21;20(15):1288–308. 
doi:10.2174/1389201020666190821144633 PubMed PMID: 31433749. 

9. Patel T, Mešić J, Meretzki S, Bronshtein T, Brlek P, Kivity V, et al. Therapeutic Potential and Mechanisms of 
Mesenchymal Stem Cells in Coronary Artery Disease: Narrative Review. International Journal of Molecular Sciences 
2025, Jun 5;26(11):5414. doi:10.3390/IJMS26115414 PubMed PMID: 40508220. 

10. Yuce K. The Application of Mesenchymal Stem Cells in Different Cardiovascular Disorders: Ways of Administration, 
and the Effectors. Stem Cell Reviews and Reports 2024 20:7. 2024 Jul 18;20(7):1671–91. doi:10.1007/S12015-024-10765-
9 PubMed PMID: 39023739. 

11. Ahmed ZT, Al-Abeden MSZ, Al Jowf GI, Eijssen LMT, Muqresh MA, Abdin MG Al, et al. Revisiting preclinical and 
clinical trials of mesenchymal stem cells in heart disease to define a dose response. Handbook of Regenerative Medicine: 
Stem Cell-based Approach. 2025 Jul 3;66–83. doi:10.1201/9781003464594-5 

12. Das R, Jahr H, van Osch GJVM, Farrell E. The role of hypoxia in bone marrow-derived mesenchymal stem cells: 
considerations for regenerative medicine approaches. Tissue Eng Part B Rev. 2010 Apr 1;16(2):159–68. 
doi:10.1089/TEN.TEB.2009.0296. 

13. Ebrahimi F, Pirouzmand F, Cosme Pecho RD, Alwan M, Yassen Mohamed M, Ali MS, et al. Application of mesenchymal 
stem cells in regenerative medicine: A new approach in modern medical science. Biotechnol Prog. 2023 Nov 
1;39(6):e3374. doi:10.1002/BTPR.3374 

14. Haneef K, Salim A, Hashim Z, Ilyas A, Syed B, Ahmed A, et al. Chemical Hypoxic Preconditioning Improves Survival 
and Proliferation of Mesenchymal Stem Cells. Applied Biochemistry and Biotechnology. 2023 Sep 27;196(7):3719–30. 
doi:10.1007/S12010-023-04743-Z PubMed PMID: 37755639. 

15. Huang X, Liang X, Han Q, Shen Y, Chen J, Li Z, et al. Pretreatment with growth differentiation factor 15 augments 
cardioprotection by mesenchymal stem cells in myocardial infarction by improving their survival. Stem Cell Research & 
Therapy. 2024 Nov 10;15(1):412-. doi:10.1186/S13287-024-04030-6 PubMed PMID: 39523354. 

16. Jackson BT, Finley LWS. Metabolic regulation of the hallmarks of stem cell biology. Cell Stem Cell. 2024 Feb 
1;31(2):161–80. doi:10.1016/j.stem.2024.01.003 PubMed PMID: 38306993. 

17. Yasan GT, Gunel-Ozcan A. Hypoxia and Hypoxia Mimetic Agents As Potential Priming Approaches to Empower 
Mesenchymal Stem Cells. Curr Stem Cell Res Ther. 2024 Jan 1;19(1):33–54. doi:10.2174/1574888X18666230113143234. 

18. Braga CL, Santos RT, da Silva CM, de Novaes Rocha N, Felix NS, Medeiros M, et al. Therapeutic effects of hypoxia-
preconditioned bone marrow-derived mesenchymal stromal cells and their extracellular vesicles in experimental 
pulmonary arterial hypertension. Life Sci. 2023 Sep 15;329:121988. doi:10.1016/J.LFS.2023.121988 PubMed PMID: 
37517581. 

19. Ansari WA, Srivastava K, Nasibullah M, Khan MF. Reactive oxygen species (ROS): sources, generation, disease 
pathophysiology, and antioxidants. Discover Chemistry. 2025 Sep 1;2(1):191-. doi:10.1007/S44371-025-00275-Z 

20. Ismail HM, Ahmed SA, Alsaedi AM, Almaramhy WH, Alraddadi MK, Albadrani MS, et al. Reactive Oxygen and 
Nitrogen Species in Myocardial Infarction: Mechanistic Insights and Clinical Correlations. Medical sciences. 2025 Sep 
1;13(3):152. doi:10.3390/MEDSCI13030152/S1 PubMed PMID: 40981150. 

21. Frans L, Aalders J, van Hengel J, Labro AJ. Oxygen Handling Practices for in Vitro Human Pluripotent Stem Cell 
Cardiomyocyte Differentiation: A Scoping Literature Review. Stem Cell Reviews and Reports. 2025 Oct 22;22(1):249–
59. doi:10.1007/S12015-025-11004-5 PubMed PMID: 41123777. 

22. Kahrizi MS, Mousavi E, Khosravi A, Rahnama S, Salehi A, Nasrabadi N, et al. Recent advances in pre-conditioned 
mesenchymal stem/stromal cell (MSCs) therapy in organ failure; a comprehensive review of preclinical studies. Stem Cell 
Research & Therapy. 2023 Jun 7;14(1):155-. doi:10.1186/S13287-023-03374-9 PubMed PMID: 37287066. 

 


