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ABSTRACT 

Therapeutic applications of mesenchymal stem cells (MSCs) are limited due to their early 

death within the first few days of transplantation. Therefore, to improve the efficacy of cell-

based therapies, it is necessary to manipulate MSCs so that they can resist various stresses 

imposed by the microenvironment. Moreover, the role of superoxide dismutase 3 (SOD3) in 

regulating such survival under different stress conditions remain elusive. In this study, we 

overexpressed SOD3 in MSCs (SOD3-MSCs) and evaluated its effect under serum starvation 

conditions. Nutritional limitation can decrease the survival rate of transplanted MSCs and 

thus can reduce their efficacy during therapy. Interestingly, we found that SOD3-MSCs 

exhibited reduced reactive oxygen species levels and greater survival rates than normal MSCs 

under serum-deprived conditions. In addition, overexpression of SOD3 attenuated starvation-

induced apoptosis with increased autophagy in MSCs. Moreover, we have demonstrated that 

SOD3 protects MSCs against the negative effects of serum deprivation via modulation of 

AMP-activated protein kinase/sirtulin 1, extracellular signal-regulated kinase activation, and 

promoted Forkhead box O3a trafficking to the nucleus. Taken together, these results 

demonstrate that SOD3 promotes MSCs survival and add further evidence to the concept that 

SOD3-MSCs may be a potential therapeutic agent with better outcomes than normal MSCs 

for various diseases involving oxidative stress and compromised MSCs survival during 

therapy. 
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Mesenchymal stem cells (MSCs) can be used in cell-based therapies to treat several diseases 

such as tissue injuries, inflammatory diseases, cardiovascular diseases, and several skin 

diseases, because of their self-renewal, differentiation, immunomodulation, and regeneration 

capacities (1-7). However, their poor survival during such therapy is a major obstacle in their 

implementation. The therapeutic implications of MSCs are laid down by various undesirable 

factors such as nutrient deprivation, oxidative stress, inflammation, and many others, 

resulting in low cell viability (8-11). Prolonged nutrient starvation is one of the major 

problems faced by engrafted MSCs (12-13), which indicates that increasing the survival of 

MSCs can enhance the efficacy of MSC-based therapies. 

Autophagy is a conserved intracellular mechanism for maintaining cellular homeostasis, 

particularly during starvation or stress (14-15). Various studies have elucidated important role 

of autophagy in MSCs. Autophagy is essential to maintaining the cellular stemness and 

differentiation of MSCs (16). Similarly, autophagy in MSCs improves their wound healing 

capacity (17) and immunosuppressive properties (18). In addition, autophagy can degrade 

aggregate-prone intracytoplasmic proteins which are responsible for various 

neurodegenerative diseases, and it can also protect against certain infectious diseases (19). 

Therefore, the medical importance of autophagy as well as its therapeutic potential still need 

to be addressed. 

Superoxide dismutase (SOD) is an antioxidant enzyme that detoxifies the superoxide radical 

and exists in three isoforms in mammals: SOD1 (Cu, Zn-SOD, cytosol and nucleus), SOD2 

(Mn-SOD, mitochondria), and SOD3 (Cu, Zn-SOD, extracellular matrix). Though they 

catalyze similar reactions, SOD3 is preferred because of its longer half-life (20-24 hours) and 

immunomodulatory effect during the inflammatory response. SOD3 has wide clinical 

applications due to its anti-chemotactic, anti-inflammatory, and anti-tumorigenic activity. The 
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therapeutic implications of SOD3 in various skin diseases such as psoriasis and atopic 

dermatitis have been well-studied. It has previously been shown that treatment with 

antioxidants can enhance the anti-stress ability and therapeutic efficacy of MSCs (20). 

Similarly, MSCs were found to promote cerebellar neuronal survival through the secretion of 

SOD3 (21). However, the mechanism of SOD3 on this regulation of cell survival needs to be 

further investigated.   

In this study, we utilized serum deprivation conditions to imitate nutritional starvation in 

MSCs and investigated the effect of SOD3 on MSC survival. Here, we showed that MSCs 

can survive longer under stress conditions through the increased secretion of SOD3, and 

defined the intracellular mechanism underlying this enhanced MSC survival through the 

overexpression of SOD3. Our findings suggest that transplantation of SOD3-transduced 

MSCs may serve as an effective therapy for several disorders that involve oxidative stress. 
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SOD3 offers significant survival potential to MSCs under serum starvation conditions. 

To investigate the protective effects of SOD3 in MSCs under serum deprivation-mediated 

cytotoxicity, MSCs or SOD3-MSCs were cultured in serum-free medium for five days, and 

superoxide anion productions as well as cell survival were both evaluated. Our data showed 

that SOD3-MSCs exhibited reduced superoxide anion production (Fig. 1A) and significantly 

enhanced cell survival compared to MSCs under serum deprivation conditions, as evaluated 

through microscopic examination (Fig. 1B) and indicated by a higher reduction of 

tetrazolium dye to purple formazen during MTT assay (Fig. 1C). Treatment with human 

recombinant SOD3 alone recapitulated the enhanced survival effect in MSCs under serum-

free conditions as analyzed through both microscopic examination and MTT assay (Fig. 1D-

E). 

SOD3 inhibited starvation-induced apoptosis, promoted double-strand break repair 

protein expression in MSCs. 

To further evaluate the role of SOD3 in starvation-induced cell death, apoptosis was analyzed 

using caspase-3 by western blot. SOD3 markedly showed reduced apoptosis in contrast to 

normal MSCs, as indicated by a reduced caspase-3 level (Fig. 2a). Next, we evaluated the 

mRNA expression of different anti-apoptotic and pro-apoptotic genes as well as of several 

regulatory genes that participate in cell survival, cell damage-repair, and maintaining the 

stemness of MSCs. Overexpression of SOD3 in MSCs exhibited no significant effects on 

anti-apoptotic molecules like BCL-2 and BCL-Xl, but markedly reduced the expression of 

pro-apoptotic molecules such as Bax at mRNA levels under serum starvation conditions (Fig. 

2B). In contrast, overexpression of SOD3 in MSCs did not affect cell cycle regulators such as 

CDK2, CDK4, and Cyclin E1, cell senescence factors like p16 and RB2, stemness-related 

transcription factors like Oct-4, klf4, and Nanog, or ROS modulator ROMO1 at mRNA levels. 
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Interestingly, a sharp reduction in the expression of P21 by SOD3 indicated that SOD3 may 

not allow the cells to undergo growth arrest (Fig. 2D, second panel). Moreover, SOD3 

induced the expression of double-strand DNA repair protein Mre11a at mRNA levels under 

serum-free conditions, suggesting that SOD3 can help overcome any damage to the DNA of 

the cells which are required for cell survival and growth (Fig. 2F, first panel).  

SOD3 promoted autophagy by upregulating SIRT1 and P-AMPK 

Autophagy is induced in serum-deprived conditions in order to provide cells with additional 

internal nutrient supplies. Therefore, we hypothesize that SOD3 may regulate autophagy and 

promote cell survival under serum-free conditions as well. Here, we showed that the 

starvation condition indeed induced the autophagy which is essential for transient cell 

survival, but overexpression of SOD3 in MSCs under serum-free conditions also significantly 

enhanced the conversion of LC3-II level at 48 hours. During nutrient starvation, autophagy is 

brought on through the activation of either of two energy sensors: AMP-activated protein 

kinase (AMPK) (22) or sirtulin1 (SIRT1) (23). Thus, we next evaluated whether SOD3 had 

any effect on the activation of AMPK and SIRT1. Our data showed that overexpression of 

SOD3 in MSCs significantly promoted the activation of AMPK and SIRT1 at both 6 and 48 

hours compared to MSCs alone under serum-free conditions (Fig. 3A). However, a key 

regulator of autophagy initiation and progression, molecule Unc-51-like autophagy activating 

kinase (ULK1), was not affected at either time point (Fig. 3B). 

SOD3 inhibited Akt activation and promoted the translocation of FoxO3a into the 

nucleus. 

A variety of tyrosine kinase receptors, including the insulin receptor, activate the PI3K 

pathway, which leads to the activation of both mammalian target of rapamycin complex 1 

(TORC1) and mammalian target of rapamycin complex 2 (mTOCR2) under calorie 
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restriction or other stress conditions (24). mTORC2 can phosphorylate and activate Akt. 

Activated Akt can phosphorylate Forkhead box O (FoxO) transcription factors, restricting 

their localization to the cytosol. FoxOs that translocate to the nucleus can transcriptionally 

activate the expression of a variety of genes, including protein-folding chaperones, 

antioxidant enzymes, and metabolic regulators. Activated Akt can also activate mTORC1, 

and mTORC1 activates the mechanisms that promote protein translation and lipid and nucleic 

acid synthesis and inhibit autophagy (25). Interestingly, we found that SOD3 inhibits Akt 

activation in MSCs and promotes the timely translocation of FoxO3a into the nucleus under 

chronic serum deprivation conditions, suggesting that SOD3 may increase MSC survival by 

facilitating reactive oxygen species (ROS) removal and promoting other beneficial cellular 

mechanisms, which confers resistance to oxidative stress under serum deprivation (Fig. 4A-

B). Furthermore, it has also been shown that the extracellular signal-regulated kinase (ERK) 

pathway can play a positive role in autophagy induction and cell survival (26). 

Overexpression of SOD3 promoted the activation of ERK at 120 hours of chronic starvation 

significantly more than normal MSCs (Fig. 4C). 

 

 

 

 

 

 

 

DISCUSSION 

In this study, we first determined through flow cytometry that overexpression of SOD3 in 
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MSCs does not significantly affect the cell size, complexity, and stemness of MSCs under 

normal, serum-free, or glucose-serum-free conditions (supplementary Fig. 1). However, the 

glucose-serum-free condition was removed from this experiment due to an excessive death of 

cells. Furthermore, we showed that overexpression of SOD3 in MSCs increased their survival 

under serum deprivation conditions. 

Serum deprivation induces apoptosis and leads to cell death (27). The reduction in caspase-3 

and pro-apoptotic genes in SOD3-MSCs suggests that SOD3 can inhibit cells undergoing 

apoptosis during starvation condition, and in turn increase their chances of survival. Serum 

deprivation can affect many genes involved in cell cycle, cell senescence, stemness, and DNA 

repair, which play a major role in the survival of cells under stress conditions. The 

overexpression of SOD3 showed no significant effect on the genes CDK2, CDK4, Cyclin E1, 

P16, RBL2, OCT4, KLF4, Nanog, Ercc1, and Romo1. However, the upregulation of DNA 

repair gene MRE11A and reduction of P21, which is responsible for arresting cell growth, 

may be the reason for the promotion of the survival of cells under serum deprivation 

conditions in SOD3-MSCs.  

Autophagy is the catabolic process that provides the cell with the essential constituents 

required for maintaining the metabolism for survival purposes under stress conditions. Here, 

we found that the level of autophagy increased starting from 3 hours and declined after 48 

hours. This reduction of autophagy may limit cell survival under starvation conditions. 

Similarly, a positive correlation was found between the endogenous level of SOD3 and 

autophagy induction as the level of SOD3 and LC3-II increased starting from 3 hours and 

declined after 48 hours (supplementary Fig. 2), suggesting that SOD3 may be a factor in the 

regulation of autophagy. Taking this into consideration, we examined the level of autophagy 

in SOD3-MSCs and found that SOD3-MSCs showed a higher level of autophagy induction 
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than normal MSCs. Similarly, the activation of the two energy sensors of the cells, AMPK 

and SIRT1, positively regulates autophagy during starvation (22-23). Our results showed a 

higher level of these two sensing elements in SOD3-MSCs than in normal MSCs. However, 

further investigation is required to properly elucidate this relationship. 

Protein kinase B (PKB), also known as Akt, suppresses autophagy either through activation 

of mTOR, which in turn inhibits the autophagy-initiating ULK 1 kinase complex, or through 

the phosphorylation of Beclin 1(28). Here, SOD3-MSCs suppressed the levels of 

phosphorylated Akt, suggesting that SOD3 may induce autophagy through inhibiting the Akt 

signaling pathway. However, the effects of SOD3 on the downstream pathway of Akt are yet 

to be studied. FoxO3a has been found to be translocated into the nucleus, where they induce 

the expression of various autophagy genes such as LC3B, Atg12, Atg4B, beclin1, ulk2, 

Gabarapl1, vps 34, Bnip3l, and Bnip3 through directly binding to their promoters (29-34). 

Our results showed that SOD3-MSCs promote the translocation of FoxO3a into the nucleus. 

ERK is one of the conserved pathways involved in many biological processes such as cell 

proliferation, differentiation, apoptosis, and cell survival. Recent studies have shown that 

ERK plays an important role in the up-regulation of starvation-induced autophagy, either 

through the down-regulation of Akt/mTOR/S6K (35) or through the regulation of Beclin 1 

(26). Activation of P-ERK in SOD3-MSCs further supports our hypothesis that SOD3 

induces autophagy. 

In summary, we can speculate that increases in the DNA repair gene MRE11A and decreases 

in the growth suppressor gene P21, down-regulation of ROS, apoptosis, and enhancement of 

autophagy may be the mechanisms of SOD3 for increasing the survival of cells under 

starvation conditions. Thus, SOD3 can be a promising candidate to promote cell survival and 

enhance the efficacy of MSCs therapy. However, the effects on survival of SOD3-MSCs need 
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further confirmation in vivo in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MATERIALS AND METHODS 

Cell culture and treatment 

Human umbilical cord blood-derived MSCs were isolated as previously described (36-38). 

MSCs were cultured in KSB-3 Basal medium (B1001, Irvine Scientific, USA) with 10% fetal 
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bovine serum, 2.2 g/L sodium bicarbonate, 100 U/mL penicillin, and 100 μg/mL streptomycin 

at 37oC in a humidified incubator with 5% CO2. All experiments were carried out on MSCs 

from 6th to 8th passages. MSCs were then transduced with lentivirus vector expressing either 

human SOD3 or GFP (control) at a multiplicity of infection of 10. The expression and 

activity of SOD3 can be found in the supplementary section (Supplementary Fig. 3). Serum 

deprivation conditions were imposed on the cells by using serum-free KSB-3 Basal medium.  

Cell survival assay 

MSC survival was evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Cells were seeded in 24 well plates at a density of 1x105cells/well. 

After exposure to different stress conditions, 60 μL of MTT reagent (5 mg/mL in 1xPBS) was 

added to each well and incubated at 37oC for 3-4 hours, followed by removal of medium and 

dissolution of cells in 500 μL of Dimethyl sulfoxide (DMSO) per well. The absorbance was 

then measured at 595 nm by the microplate reader (Power wave XS2, Bio Tek, USA). 

Quantitative real-time PCR (qRT-PCR) analysis 

Total RNA was isolated using trizol reagent (Life Technologies, Invitrogen). Complementary 

DNA was synthesized from 1 μg of total RNA using the PrimeScript™ RT reagent Kit 

(RR047A,Clontech Takara Bio INC, Japan), and qRT-PCR was performed using the KAPA 

SYBR® FAST qPCRMaster Mix (2X) universal Kit (KAPA Biosystems,Cape town, South 

Africa) in a Rotor-Gene 6000 instrument (Corbett Life Science, Mortlake, NSW, Australia). 

The relative amount of mRNA was calculated using the 2-ΔΔCt method with glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as an endogenous control. The primers used as well as 

their sequences can be found in the supplementary section (supplementary Table.1).  

Western blot analysis 

MSCs were harvested and lysed in ice-cold radioimmunoprecipitation (RIPA) buffer (89901, 
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Thermo Scientific, USA) containing protease inhibitor cocktail (Roche Diagnostic, Germany) 

for 30 minutes at 4oC. An equal amount of proteins were loaded per lane and the blotted 

membranes were incubated overnight at 4oC with Caspase-3 (9662S, cell signaling), LC3A/B 

(4108S, cell signaling), phospo-AMPKα(Thr 172) (2535S, cell signaling), P-FoxO3a (9465S, 

cell signaling), FoxO3a (9467S, cell signaling), SIRT1 (H-300) (SC-15404, Santa cruz), P-

Akt (SC-7985, Santa cruz), Akt (SC-8312, Santa cruz), β-tubulin (SC-9104, Santa cruz), 

SOD3 (ab 21974), GAPDH (SC-25778, Santa cruz), and Lamin-B (SC-6216, Santa cruz) 

antibodies (1:1000 dilution) followed by incubation for two hours with horseradish 

peroxidase-conjugated secondary antibody (1:5000 dilution). The blots were then detected 

with a western blot detection kit (WesternBrightTMECL, USA)    

Flow cytometry 

For Reactive oxygen species (ROS) measurement, MSCs were stained with dihydroethidium 

(DHE) (D1168, Life Technologies Corporation, Eugene, USA) at 10 µM concentration for 15 

minutes and then analyzed by BD FACSCantoII. Cell size and cell complexity were analyzed 

by measuring forward and side scatter light, respectively. Data was analyzed with FlowJo 

software. 

Statistical analysis 

Each experiment was performed at least three times and all data were presented as mean ± 

SD. We used Student’s t-tests to determine significant differences wherever appropriate. 

Values of p<0.05 were considered statistically significant. 
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Figure legends: 

Fig. 1: SOD3 overexpression in MSCs reduced ROS and increased survival under serum 

starvation. (A) ROS production in SOD3-transduced MSCs and MSCs under serum 

starvation was assessed by staining with DHE (10 µM), and FACS analysis followed. (B-C) 
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SOD3-MSCs and normal MSCs were exposed to chronic serum starvation for five days, after 

which the viability was determined through microscopic examination at 100x magnification 

and MTT assay. (D-E) MSCs were treated with human recombinant SOD3 and viability was 

measured by microscopic examination at 100x magnification and MTT assay. Experiments 

were performed in triplicate. Data are expressed as mean ± standard deviation. *p < 0.05 

level.  

Fig. 2: SOD3 overexpression in MSCs showed reduced apoptosis and had no significant 

effects on the genes involved in different cellular processes under serum-starved conditions. 

(A) Expression of Caspase-3 was analyzed through western blotting. The numerical values on 

the blot represent % relative densitometric unit (DU), as measured by ImageJ software. (B-G) 

RNA expression of genes involved in apoptosis, cell cycling, cell senescence, stemness, DNA 

repair, and ROS modulator under serum-starved conditions were analyzed through qRT-PCR. 

Experiments were performed in triplicate. Data are expressed as mean ± standard deviation. 

*p < 0.05 level.  

Fig. 3: Increased autophagy induction and upregulation of SIRT1 and P-AMPK expression in 

SOD3-MSCs. (A) Expressions of LC3, SIRT1, and P-AMPK were analyzed through western 

blotting. (B) RNA expression for ULK 1 was analyzed through qRT-PCR. The numerical 

values on the blot represent % relative densitometric unit (DU), as measured by ImageJ 

software. Control groups were set as 100% DU in each regimen. Experiments were 

performed in triplicate. Data are expressed as mean ± standard deviation. *p < 0.05 level.  

Fig. 4: SOD3 inhibited Akt signaling in MSCs and promoted the translocation of FoxO3a 

into the nucleus under starvation conditions. (A) MSCs were overexpressed with SOD3 and 

GFP and then subjected to serum starvation. Phosphorylated Akt at serine 473 and total Akt 

were analyzed through western blotting. (B) Translocation of FoxO3a into the nucleus was 
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determined by isolating cytosolic and nuclear protein and analyzed through western blotting. 

(C) Total Erk and its phosphorylated form were determined through western blotting. The 

numerical values on the blot represent % relative densitometric unit (DU), as measured by 

ImageJ software. Control groups were set as 100% DU in each regimen. Experiments were 

performed in triplicate. Data are expressed as mean ± standard deviation.  

Fig. supplementary 1: SOD3 had no impact on cell size or complexity. (A) MSCs were 

overexpressed with SOD3 and GFP and then subjected to normal, serum starvation and 

glucose and serum starvation conditions. Cell size and cell complexity were analyzed through 

flow cytometry by determining forward scatter and side scatter light. Experiments were 

performed in triplicate. Data are expressed as mean ± standard deviation. 

Fig. supplementary 2: Detection of autophagy and endogenous SOD3 level at different time 

points. (A) MSCs were subjected to normal and serum-free conditions. Endogenous levels of 

SOD3 and LC3 were analyzed at different time points through the western blot method. The 

numerical values on the blot represent % relative densitometric unit (DU), as measured by 

ImageJ software. Control groups were set as 100% DU in each regimen. Experiments were 

performed in triplicate. Data are expressed as mean ± standard deviation. 

Fig. supplementary 3: Evaluation of expression and activity of SOD3 upon transduction in 

MSCs. (A) Western blot expression of SOD3 in culture media of MSCs upon transduction. (B) 

SOD3 activity in the culture media was analyzed through SOD assay kit-WST as per the 

manufacturer’s instruction (S311, Dojindo Molecular Technologies, Japan). Experiments 

were performed in triplicate. Data are expressed as mean ± standard deviation. *p< 0.05 level. 
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Fig. 1. 
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Fig. 2. Fig. 2: SOD3 overexpression in MSCs showed reduced apoptosis and had no any significant effects on the 

genes involved in different cellular processes under serum starved conditions. 
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Fig. 3. Fig. 3: Increased autophagy induction and upregulation of SIRT1 and P-AMPK expression in SOD3-MSCs.
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Fig. 4. Fig. 4: SOD3 inhibited Akt signaling in MSCs and promoted the translocation of FoxO3a into the nucleus 

under starvation condition. 
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Supplementary Table 1.  
 
Primer sequences for real-time PCR of mRNA 

 
 
 
 
 
 

Primer (Human)  Forward  Reverse  

NANOG box (NANOG)  AATACCTCAGCCTCCAGCAGATG   TGCGTCACACCATTGCTATTCTTC   

Kruppel-like factor 4 (KLF4)  ACCAGGCACTACCGTAAACACA   GGTCCGACCTGGAAAATGCT  

Octamer binding transcription factor 4 
(Oct 4)  

GAGAACCGAGTGAGAGGCAA  CATAGTCGCTGCTTGATCGC  

cyclin-dependent kinase 2 (CDK2)  GCTAGCAGACTTTGGACTAGCCAG  AGCTCGGTACCACAGGGTCA   

cyclin-dependent kinase 4 (CDK4)  AAATCTTTGACCTGATTGGG  CCTTATGTAGATAAGAGTGCTG  

Cyclin E1  CTCCAGGAAGAGGAAGGCAA  TCGATTTTGGCCATTTCTTCA  

Excision repair protein 1 (Ercc1)  GGCGACGTAATTCCCGACTA  AGTTCTTCCCCAGGCTCTGC  

Meiotic recombination 11 homolog A 
(MRE11A)  

CAGAGGCAAGTTCAGACCGT  GACTCTTCGAAGCCCCACAA  

Cyclin-dependent kinase inhibitor 2A 
(P16)  

CATAGATGCCGCGGAAGGT   CCCGAGGTTTCTCAGAGCCT  

Cyclin-dependent kinase inhibitor 2A 
(P21)  

TGGAGACTCTCAGGGTCGAAA   GGCGTTTGGAGTGGTAGAAATC   

Retinoblastoma-like 2 (RBL2)  ACTTCAGCAACAGTCCTTCAAA   GCAAATTCTTTTTGCAGGTGA  

B-cell lymphoma 2 (BCL2)  ATGTGTGTGGAGAGCGTCAACC   TGAGCAGAGTCTTCAGAGACAGCC  

Bcl-2 associated X protein (Bax)  CCCGAGAGGTCTTTTTCCGAG  CCAGCCCATGATGGTTCTGAT  

B-cell lymphoma-extra large (Bcl-Xl)  CAGAGCTTTGAACAGGTAG  GCTCTCGGGTGCTGTATTG  

Reactive oxygen species modulator 1 
(ROMO1)  

GTCAAAATGGGCTTCGTGAT  GCATCATGGTTTTCCCAATG  

Unc-51 like autophagy activating 
kinase (ULK1)  

CCACCCAGTTCCAAACACCT  CCAACTTGAGGAGATGGCGT  

Glyceraldehyde3-phosphate 
dehydrogenase(GAPDH)  

GGTCTCCTCTGACTTCAACA  AGCCAAATTCGTTGTCATAC  
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