
Free Radical Biology and Medicine 
Volume 159, 1 November 2020, Pages 164-176 

 

Original article 

Hypoxic preconditioning combined with 

curcumin promotes cell survival and 

mitochondrial quality of bone marrow 

mesenchymal stem cells, and accelerates 

cutaneous wound healing via 

PGC-1α/SIRT3/HIF-1α signaling 

Author links open overlay panel 

Xujie Wang, Kuo Shen, Jing Wang, Kaituo Liu, Gaofeng Wu, Yan Li, Liang Luo, Zhao 

Zheng, Dahai Hu 

Show more 

Add to Mendeley 

Share 

Cite 

https://doi.org/10.1016/j.freeradbiomed.2020.07.023Get rights and content 

Highlights 

https://www.sciencedirect.com/journal/free-radical-biology-and-medicine
https://www.sciencedirect.com/journal/free-radical-biology-and-medicine/vol/159/suppl/C
https://www.sciencedirect.com/journal/free-radical-biology-and-medicine/vol/159/suppl/C
https://www.sciencedirect.com/author/55711868200/jing-wang
https://www.sciencedirect.com/author/55261854600/yan-li
https://www.sciencedirect.com/author/56537384800/zhao-zheng
https://www.sciencedirect.com/author/56537384800/zhao-zheng
https://www.sciencedirect.com/author/7402585366/dahai-hu
https://doi.org/10.1016/j.freeradbiomed.2020.07.023
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S089158492031159X&orderBeanReset=true


​​ •​
Hypoxic preconditioning/curcumin promotes BMSCs survival and mitochondrial 

fusion. 

​​ •​
Hypoxic preconditioning/curcumin represses H2O2/O2.•― production and cell 

apoptosis. 

​​ •​
HIF-1α destabilization contributes to the protective effects of curcumin. 

​​ •​
PGC-1α and SIRT3 are essential for hypoxia-mediated mitochondrial quality 

control. 

​​ •​
Hypoxic preconditioning/curcumin-treated BMSCs accelerate wound healing in 

vivo. 

Abstract 

Restrained survival and function of relocated bone marrow mesenchymal stem cells 

(BMSCs) is a major impediment to BMSCs-mediated tissue repair. Accumulating 

evidences have indicated that hypoxic preconditioning of BMSCs could enhance BMSCs’ 

adaptability after transplantation and thus improve their therapeutic properties. 

Curcumin, a natural dietary product, is known to exert profound protective effects on 

various cellular processes. Here we showed that mild hypoxic preconditioning combined 

with curcumin significantly increased cell survival, enriched more cells in G2/M and S 

phase, and improved mitochondrial function in BMSCs. Meanwhile, hypoxic 

preconditioning combined with curcumin altered mitochondrial cristae shape and 

strongly inhibited mitochondrial cytochrome c release, which consequently suppressed 

an apoptosis signal as revealed by reduced caspase-3 cleavage in BMSCs. Moreover, 

hypoxic preconditioning remarkably promoted mitochondrial quality via increasing 

mitochondrial fusion and elevating the activity of oxidative phosphorylation (OXPHOS) 

and mitochondrial complex Ⅰ enzyme in BMSCs, which were in accordance with the 

up-regulated expression of OPA1, PINK1 and Parkin. At the mechanistic level, the 

destabilization of HIF-1α and the up-regulated expression of PGC-1α and SIRT3 
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synergistically contributed to the protective effects of hypoxic preconditioning combined 

with curcumin in BMSCs. The proteasome inhibitor MG132 stabilized HIF-1a 

expression, but not PGC-1α or SIRT3, and dramatically restrained BMSCs survival 

under hypoxia combined with curcumin condition. MG132 also increased mitochondrial 

superoxide and intracellular hydrogen peroxide (H2O2) production and caspase-3 

activation in hypoxia combined with curcumin-treated BMSCs. Furthermore, 

knockdown of SIRT3 and PGC-1α by RNAi both led to caspase-3 activation in BMSCs 

after hypoxia and curcumin treatment. Notably, SIRT3 RNAi suppressed OXPHOS 

activity, while PGC-1α RNAi triggered mitochondrial superoxide and intracellular H2O2 

production in hypoxia combined with curcumin-treated BMSCs. Finally, we showed that 

hypoxia combined with curcumin-treated BMSCs accelerated the cutaneous wound 

healing process in a mice wound model. Overall, this study suggests that hypoxic 

preconditioning combined with curcumin could serve as an attractive strategy for 

facilitating BMSCs-mediated tissue repair, and further sheds new light on the rich 

repertoire of PGC-1α/SIRT3/HIF-1α signaling involved in the regulation of 

mitochondrial quality and function for cellular adaption to hypoxia. 
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Introduction 

Delayed wound healing, a common complication in burns and trauma, afflicts a wide 

range of patients worldwide [1,2]. Successful therapeutic strategies that allow more 

rapid re-epithelialization would be of tremendous benefit, reducing excessive 

inflammatory response and suppressing the harmful aberrant collagen fiber 

arrangement that can occur [[3], [4], [5]]. In this regard, growth factors, genetic 

modifications, as well as stem cell therapy, have been used to expedite wound healing 

[6,7]. 

Compelling evidences are accumulating for the favorable effects of bone marrow 

mesenchymal stem cells (BMSCs) in tissue repair in terms of their self-renewal 

capability, multipotency, paracrine production, as well as less ethical limitations [[8], 

[9], [10]]. Investigational BMSCs-based therapies for wound healing have been recently 

introduced into clinical trials [11,12]. However, mixed responses were generated among 

different clinical settings, which might be ascribed, at least partially to the restricted 

survival of donor BMSCs [13]. The hostile disease microenvironment in the wounds 

leads to impaired cell function and increased cell apoptosis. Moreover, massive donor 

cell death exacerbates the functional damage of other tissue repair cells such as 

fibroblasts and keratinocytes, and thus introduces an additional burden to the wounds 

[14]. Therefore, there is a strong need for additional insights aimed at addressing the 

optimization of BMSCs tolerance properties after transplantation. 
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The severe hypoxic condition in injured tissue is a major obstacle for the application of 

BMSCs which are cultured under normal oxygen tension [15]. Once localized to the 

ischemic tissue, BMSCs encounter extremely low oxygen tension, which often results in 

cell apoptosis. The oxygen concentration in the bone marrow is 2%–7% under 

physiological conditions [16]. It is a critical theme that preconditioning BMSCs in 

sublethal hypoxic conditions for a period of time before relocating them to ischemia 

injury sites could enhance the cellular adaptive responses of BMSCs, such as through 

up-regulating anti-apoptotic genes and reducing caspase-3 activity [17,18]. Most 

importantly, hypoxic preconditioning of BMSCs has been shown to favor cell survival 

and inhibit extensive cell apoptosis, and therefore improve the therapeutic potential of 

BMSCs [16,19]. Toward this end, an exploration of the influence of a controlled hypoxic 

environment on the therapeutic properties of BMSCs is worthwhile, and the involved 

signaling events also need to be investigated. 

Mitochondria, the cellular powerhouses, utilize most of oxygen to produce adenosine 

triphosphate (ATP) via electron transfer coupled with oxidative phosphorylation in 

mitochondrial matrix. Mitochondria also serve as important signaling organelles in 

response to cellular demands and environmental imperatives, including hypoxic 

stimulation [20,21]. Additionally, mitochondria undergo rapid dynamic fission and 

fusion cycle to ensure mitochondrial integrity, and maintain mitochondrial quality and 

function under stressful conditions [22,23]. As a matter of fact, disrupted mitochondrial 

integrity leads to pro-apoptotic factors release such as cytochrome c, and triggers 

mitochondria-dependent apoptosis [24,25]. Recent studies have shown that regularly 

shaped mitochondrial cristae facilitates the formation of respiratory chain 

supercomlexes and promotes oxidative phosphorylation [[26], [27], [28]]. Notably, 

mitochondrial fusion coordinates apoptotic cristae remodeling and cytochrome c release 

to cytoplasm, and restores mitochondrial function in many disease settings, offering a 

mechanism for cellular protection. Thus, modulating the mitochondrial quality may 

directly contribute to the improved survival of transplanted BMSCs. 



Hypoxia-inducible factor-1 alpha (HIF-1α) is known to be a master regulator for 

governing cellular hypoxic adaption to dictate cell fate. A well-known facet of HIF-1α 

biology is its activation by, and modulation of hypoxia [29]. Under hypoxia, HIF-1α acts 

the role of promoting or resisting cell survival, which appears to be largely 

context-dependent [30,31]. Peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha (PGC-1α) belongs to a small family of transcriptional regulators, 

which controls the expression of genes involved in mitochondrial biogenesis and 

oxidative metabolism [32]. Silent mating-type information regulation 2 homolog 3 

(SIRT3) is a crucial member of the sirtuin family of nicotinamide adenine dinucleotide 

(NAD+)-dependent protein deacetylases. As a downstream target gene of PGC-1α, SIRT3 

is typically localized in mitochondria, and integrates its role in regulating mitochondrial 

function related to metabolic enzyme activity, oxidative phosphorylation and 

anti-oxidant machinery [33]. Given the crucial roles of PGC-1α and SIRT3 in 

modulating mitochondrial function and oxidative metabolic programs, we hypothesized 

that they are likely to be involved in the regulation of cellular adaption to hypoxia. 

Curcumin, best known as an anti-oxidant, is a commonly used spice and coloring agent 

isolated from Curcuma longa. Extensive researches have clearly shown that curcumin 

exerts diverse therapeutic effects including anti-oxidative, anti-apoptotic, 

anti-inflammatory, anti-diabetic and so on, which most likely attribute to its pleiotropic 

signaling machinery via modulating the activation of transcriptional factors and the 

expression of cell survival proteins [34,35]. Various preclinical cell culture and animal 

studies suggest that curcumin has the potential to serve as a therapeutic agent in wound 

healing, diabetes, and arthritis [[36], [37], [38]]. Our previous work has revealed the 

functional role of curcumin in facilitating BMSCs survival under 

hypoxia/reoxygenation-induced oxidative stress via improved mitochondrial function 

and alterations in signal targets [31]. Thus, based on the important literatures and our 

recent study, we were eager to know whether and how hypoxic preconditioning 



combined with curcumin could produce synergistically protective effects on BMSCs' 

bioactivity and thus potentiate their therapeutic properties in vivo. 

In this study, we demonstrated that a selective physiological preconditioning of 5% O2 

for 24 h in combination with curcumin significantly promoted cell survival and 

mitochondrial quality of BMSCs, and enhanced BMSCs’ therapeutic effects on 

cutaneous wound healing in mice via the modulation of PGC-1α/SIRT3/HIF-1α 

signaling. 
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Ethics statement 

The animal study was approved by the Institutional Animal Care and Use Committee of 

Fourth Military Medical University. All animal experiments were conducted in 

compliance with the approved guidelines where applicable [39] and every effort was 

made to minimize animals suffering. Surgeries were performed under isoflurane 

inhalation anesthesia. 



Cell culture and hypoxic treatment 

Rat BMSCs were obtained from Cyagen Biosciences Company (Guangzhou, China) and 

cultured in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

The characterization of curcumin-pretreated BMSCs under hypoxic 

condition 

To determine the optimal duration of hypoxic culture for BMSCs, cells were cultured at 

5% O2 for selective time episodes (12, 24, 36, 48 and 72 h). The Image-iT Green Hypoxia 

Reagent was applied to detect the hypoxic condition (Fig. 1A). After different periods of 

hypoxia, we found that BMSCs survival peaked at 24 h of hypoxic exposure, with the 

highest survival rate observed in hypoxia combined with curcumin-treated BMSCs (Fig. 

1B). The cell cycle stages of differently treated BMSCs were 

Discussion 



BMSCs transplantation has been increasingly indicated as a desirable approach for 

improving tissue repair [4]. Although BMSCs are known to produce concerted 

therapeutic effects by cell replacement and by cell empowerment, the reported 

therapeutic effects are rather restricted, in large part due to the attenuated cell viability 

and function of relocated BMSCs [50]. To solve this problem, various strategies are 

designed to increase the biological activity of implanted BMSCs in injured tissue. Of 

Declaration of competing interest 

The authors declare no relevant competing financial interest. 

Acknowledgments 

This work was supported by the National Natural Science Foundation of China 

[81901967, 81530064], Shaanxi Province Natural Science Basic Research Program 

[2019JQ-478], and Subject Booster Program of Xijing Hospital [XJZT18MJ38]. 

References (67) 



​​ S.R. Nussbaum et al.​
An economic evaluation of the impact, cost, and medicare policy 

implications of chronic nonhealing wounds 

​​ Value Health 

​​ (2018) 

​​ G.J. Christ et al.​
The pharmacology of regenerative medicine 

​​ Pharmacol. Rev. 

​​ (2013) 

​​ J.S. Chen et al.​
Therapeutic potential of bone marrow-derived mesenchymal stem cells 

for cutaneous wound healing 

​​ Front. Immunol. 

​​ (2012) 

​​ H. Wu et al.​
Mitophagy receptors sense stress signals and couple mitochondrial 

dynamic machinery for mitochondrial quality control 

​​ Free Radic. Biol. Med. 

​​ (2016) 

​​ T. Li et al.​
Oligomeric BAX induces mitochondrial permeability transition and 

complete cytochrome c release without oxidative stress 

​​ Biochim. Biophys. Acta 

​​ (2008) 

​​ S. Cogliati et al.​
Mitochondrial cristae shape determines respiratory chain 

supercomplexes assembly and respiratory efficiency 

​​ Cell 

​​ (2013) 

​​ X. Wang et al.​
Curcumin pretreatment protects against hypoxia/reoxgenation injury 

via improvement of mitochondrial function, destabilization of HIF-1α 

and activation of Epac1-Akt pathway in rat bone marrow mesenchymal 

stem cells 

​​ Biomed. Pharmacother. 

https://www.sciencedirect.com/science/article/pii/S1098301517303297
https://www.sciencedirect.com/science/article/pii/S1098301517303297
https://www.sciencedirect.com/science/article/pii/S0031699724010652
https://www.sciencedirect.com/science/article/pii/S0269749111005136
https://www.sciencedirect.com/science/article/pii/S0269749111005136
https://www.sciencedirect.com/science/article/pii/S0891584916300090
https://www.sciencedirect.com/science/article/pii/S0891584916300090
https://www.sciencedirect.com/science/article/pii/S0005272808006567
https://www.sciencedirect.com/science/article/pii/S0005272808006567
https://www.sciencedirect.com/science/article/pii/S009286741301026X
https://www.sciencedirect.com/science/article/pii/S009286741301026X
https://www.sciencedirect.com/science/article/pii/S0753332218367490
https://www.sciencedirect.com/science/article/pii/S0753332218367490
https://www.sciencedirect.com/science/article/pii/S0753332218367490
https://www.sciencedirect.com/science/article/pii/S0753332218367490


​​ (2019) 

​​ A. Goel et al.​
Curcumin as "Curecumin": from kitchen to clinic 

​​ Biochem. Pharmacol. 

​​ (2008) 

​​ R.K. Dagda et al.​
Loss of PINK1 function promotes mitophagy through effects on 

oxidative stress and mitochondrial fission 

​​ J. Biol. Chem. 

​​ (2009) 

​​ D.R. Green​
Cancer and apoptosis: who is built to last? 

​​ Canc. Cell 

​​ (2017) 

View more references 

Cited by (77) 

​​ HIF-1α increases the osteogenic capacity of ADSCs by coupling 

angiogenesis and osteogenesis via the HIF-1α/VEGF/AKT/mTOR 

signaling pathway​
2023, Journal of Nanobiotechnology​
Show abstract 

​​ Hypoxic hUCMSC-derived extracellular vesicles attenuate allergic 

airway inflammation and airway remodeling in chronic asthma mice​
2021, Stem Cell Research and Therapy​
Show abstract 

​​ Peroxisome proliferator-activated receptor gamma coactivator-1 

(PGC-1) family in physiological and pathophysiological process and 

diseases​
2024, Signal Transduction and Targeted Therapy 

​​ Exudate Absorbing and Antimicrobial Hydrogel Integrated with 

Multifunctional Curcumin-Loaded Magnesium Polyphenol Network 

https://www.sciencedirect.com/science/article/pii/S0006295207005758
https://www.sciencedirect.com/science/article/pii/S0021925820582392
https://www.sciencedirect.com/science/article/pii/S0021925820582392
https://www.sciencedirect.com/science/article/pii/S153561081630602X
https://doi.org/10.1186/s12951-023-02020-z
https://doi.org/10.1186/s12951-023-02020-z
https://doi.org/10.1186/s12951-023-02020-z
https://doi.org/10.1186/s13287-020-02072-0
https://doi.org/10.1186/s13287-020-02072-0
https://doi.org/10.1038/s41392-024-01756-w
https://doi.org/10.1038/s41392-024-01756-w
https://doi.org/10.1038/s41392-024-01756-w
https://doi.org/10.1021/acsnano.3c04556
https://doi.org/10.1021/acsnano.3c04556


for Facilitating Burn Wound Healing​
2023, ACS Nano 

​​ Newcastle disease virus degrades SIRT3 via PINK1-PRKN-dependent 

mitophagy to reprogram energy metabolism in infected cells​
2022, Autophagy 

​​ Phytochemistry and Biological Activity of Medicinal Plants in Wound 

Healing: An Overview of Current Research​
2022, Molecules 

 

https://doi.org/10.1021/acsnano.3c04556
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.3390/molecules27113566
https://doi.org/10.3390/molecules27113566

	Free Radical Biology and Medicine 
	Original article 
	Hypoxic preconditioning combined with curcumin promotes cell survival and mitochondrial quality of bone marrow mesenchymal stem cells, and accelerates cutaneous wound healing via PGC-1α/SIRT3/HIF-1α signaling 
	Highlights 
	Abstract 
	Graphical abstract 
	Introduction 
	Access through your organization 
	Section snippets 
	Ethics statement 
	Cell culture and hypoxic treatment 
	The characterization of curcumin-pretreated BMSCs under hypoxic condition 
	Discussion 
	Declaration of competing interest 
	Acknowledgments 
	References (67) 
	​​Value Health 
	​​Pharmacol. Rev. 
	​​Front. Immunol. 
	​​Free Radic. Biol. Med. 
	​​Biochim. Biophys. Acta 
	​​Cell 
	​​Biomed. Pharmacother. 
	​​Biochem. Pharmacol. 
	​​J. Biol. Chem. 
	​​Canc. Cell 

	Cited by (77) 


