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Background: Human dental pulp stem cells (DPSCs) have potential applications in tissue 

regeneration because of their convenient cell harvesting procedures and multipotent capacity. 

However, the tissue regenerative potential of DPSCs is known to be negatively regulated by aging 

in long-term culture and under oxidative stress. With an aim of reducing cellular senescence and 

oxidative stress in DPSCs, an intracellular delivery system for superoxide dismutase 1 (SOD1) 

was developed. We conjugated SOD1 with a cell-penetrating peptide known as low-molecular 

weight protamine (LMWP), and investigated the effect of LMWP-SOD1 conjugates on hydrogen 

peroxide-induced cellular senescence and osteoblastic differentiation.

Results: LMWP-SOD1 significantly attenuated enlarged and flattened cell morphology and 

increased senescence-associated β-galactosidase activity. Under the same conditions, LMWP-

SOD1 abolished activation of the cell cycle regulator proteins, p53 and p21Cip1, induced by 

hydrogen peroxide. In addition, LMWP-SOD1 reversed the inhibition of osteoblastic differentia-

tion and downregulation of osteogenic gene markers induced by hydrogen peroxide. However, 

LMWP-SOD1 could not reverse the decrease in odontogenesis caused by hydrogen peroxide.

Conclusion: Overall, cell-penetrating LMWP-SOD1 conjugates are effective for attenuation 

of cellular senescence and reversal of osteoblastic differentiation of DPSCs caused by oxidative 

stress inhibition. This result suggests potential application in the field of antiaging and tissue 

engineering to overcome the limitations of senescent stem cells.

Keywords: superoxide dismutase, senescence, oxidative stress, cell-penetrating peptide, dental 

pulp stem cell, osteoblastic differentiation

Introduction
Because of their unlimited capacity for proliferation, differentiation, and plasticity, 

mesenchymal stem cells derived from bone marrow, muscle, and adipose tissue are a 

promising tool for tissue regeneration.1–5 Dental pulp stem cells (DPSCs) are a source of 

progenitor cells that have the capacity for self-renewal and can undergo differentiation 

into odontoblastic, osteoblastic, neuronal, and adipocytic cell types in vitro, similar 

to mesenchymal stem cells.6–8 DPSCs have been studied in odontogenesis, and have 

been described as an alternative source of mesenchymal stem cells for osteoblastic 

differentiation.9 We selected DPSCs for use in this study because of their advantages, 

including their osteogenic potential and the convenient process by which they can be 

obtained. However, the tissue regenerative potential of DPSCs, as with other mesen-

chymal stem cells, is known to be negatively affected by aging.10–12 Although little is 
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known about age-related changes in DPSCs, the regenera-

tive capacity of aged DPSCs can be restored by a change in 

the microenvironment using extrinsic factors.13–15 Cellular 

aging is associated with damage to tissues by free radicals. 

An imbalance between generation of free radicals and radi-

cal scavenging in antioxidant systems resulting in oxidative 

stress is considered to be a major factor in the process of 

senescence. At the cellular level, overproduction of reactive 

oxygen species can induce cellular apoptosis/necrosis and 

cellular senescence, which results in cellular damage.

For protection against constant oxidative stress, cells 

have developed defense mechanisms, such as the superox-

ide dismutase (SOD), catalase, and glutathione peroxidase 

enzymes.16 SOD is a key enzyme in the dismutation of super-

oxide radicals resulting from oxidative cellular metabolism 

into hydrogen peroxide (H
2
O

2
).17 Catalase converts H

2
O

2
 into 

water and oxygen, thus preventing the formation of carbon 

dioxide bubbles in the blood.17 There is no definitive answer 

as to which enzyme, SOD or catalase, is more  important. 

Both enzymes have an important role as antioxidants 

protecting the body. SOD is comprised of three isozymes, 

ie, SOD1, SOD2, and SOD3. Of these, SOD1 is the most 

widely distributed in the tissues and represents 90% of total 

SOD activity. In this study, we selected SOD1 as a conver-

sion factor for senescent DPSCs for the reason that SOD1 

has been reported to prevent several severe diseases caused 

by oxidative stress.18–22

However, direct use of SOD1 for protection against 

oxidative stress has some limitations, including a short half-

life in vivo and an inability to cross the cell membrane to 

detoxify intracellular reactive oxygen species. Recently, cell-

penetrating peptides have been used for cellular delivery of 

several agents in vitro and in vivo. Cell-penetrating peptides, 

including peptides from the human immunodeficiency virus 

transacting activator of transcription (TAT) protein, anten-

napedia homeodomain transcription factor, and synthetic 

oligoarginines, have received significant and widespread 

attention within the pharmaceutical and medical fields, 

although the mechanism of action of cell-penetrating peptide 

transduction remains controversial.23–29 In a previous study, 

the TAT protein was used to deliver SOD for the purpose of 

overcoming certain diseases, such as inflammation or osteoar-

thritis, and protecting against ischemic brain injury.30–33 We 

developed an arginine-rich peptide, termed low molecular 

weight protamine (LMWP), which is derived from natural 

protamine. We demonstrated that LMWP achieved protein 

transduction in various cell types with activity equivalent 

to that of unconjugated TAT for molecular imaging and 

 therapeutic purposes.34,35 In this study, we investigated trans-

duction of LMWP-SOD1 conjugates into DPSCs and the 

effect of LMWP-SOD1 conjugates on H
2
O

2
-induced senes-

cence by testing changes in cellular morphology, senescence-

associated beta-galactosidase (SA-β-gal) activity, mRNA 

levels of related genes, cell cycle distribution, and levels of 

p53 and p21Cip1/WAF1 proteins. Furthermore, we determined 

the effect on odontoblast and osteoblast differentiation after 

exposure of the cells to sublethal concentrations of H
2
O

2
 with 

or without LMWP-SOD1 conjugates.

Materials and methods
Reagents and antibodies
A protease inhibitor cocktail was obtained from Roche 

(Penzberg, Germany). Phosphatase inhibitor cocktail 2, 

H
2
O

2
, propidium iodide, dimethyl sulfoxide, phenylmeth-

ylsulfonyl fluoride, a SA-β-gal detection kit, bovine SOD1, 

rabbit polyclonal antibody for SOD1, a SOD1 assay kit, and 

bovine serum albumin were obtained from Sigma-Aldrich 

(St Louis, MO). Goat polyclonal antibodies against β-actin 

were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). Rabbit polyclonal antibodies specific for p53 

and Ser15 phosphorylated p53 were obtained from Cell 

Signaling Technology (Beverly, MA). Mouse anti-human 

p21Cip1/WAF1 antibody was obtained from BD PharMingen 

(San Diego, CA).

Cell culture and h2O2 treatment
The human DPSCs used in this study were obtained from 

Dr Gene Lee.36 Deciduous teeth and adult molars were 

obtained from the Seoul National University Dental Hospital 

after securing the approval of the institutional review board 

at Seoul National University Dental Hospital. The deciduous 

teeth and adult molars were put into Hank’s balanced salt solu-

tion (Welgene, Dae-gu, Korea) supplemented with 3% antibi-

otic-antimycotic solution (Life Technologies, Carlsbad, CA) 

at 4°C. Adult dental pulps were extracted after the crown 

of the tooth was removed using a dental high-speed unit. 

Deciduous dental pulps were gently extracted with tweezers, 

and periodontal ligaments were gently separated from the 

surface of the root. Dental pulps and periodontal ligaments 

were minced in 1 mg/mL of collagenase type I and 2.4 mg/mL 

of dispase (Gibco) at 37°C for one hour. Single-cell suspen-

sions were plated and maintained in Minimum Essential 

Medium alpha (Hyclone, Logan, UT) supplemented with 

15% fetal bovine serum (Hyclone), 2 mM L-glutamine, 

100 µM ascorbic acid 2-phosphate (Sigma-Aldrich), and 

1% antibiotic-antimycotic solution (Gibco). The medium 
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was changed every 3 days, and the cells were subcultured at 

70% confluency. DPSCs were cultured in complete medium 

(Modified Eagle’s Medium [MEM] supplemented with 10% 

fetal bovine serum and 1% antibiotic-antimycotic solution) 

in a humidified incubator at 37°C and in 5% carbon dioxide. 

The medium was changed twice weekly, and the cells were 

detached using trypsin-ethylenediamine tetra-acetic acid 

(EDTA) and seeded into fresh culture flasks at a ratio of 1 

to 4 upon reaching confluence. For induction of premature 

senescence, DPSCs at approximately 75% confluence were 

briefly exposed to 200 µM H
2
O

2
 (diluted in distilled water) for 

2 hours. The cells were washed twice with MEM to remove 

the H
2
O

2
, recultured in fresh complete medium for 24 hours, 

and then subcultured for various durations as specified in the 

individual experiments.

For odontogenic and osteogenic differentiation, the cells 

were washed to remove any remaining H
2
O

2
 after exposure 

to H
2
O

2
. The cells were recultured with fresh medium for 

28 days in differentiation medium containing 10% fetal bovine 

serum, 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, 

and 5 µM dexamethasone. The medium was changed 

every 3 days with or without SOD1 or LMWP-SOD1.

Cell viability assay
Cell viability was determined using the 3-(4,5-dimethylthiazol- 

2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. 

DPSCs were seeded at a density of 1 × 105 cells/well in a 

24-well plate (Nunc, Rochester, NY) with MEM containing 

10% fetal bovine serum and 1% antibiotics. The next day, 

the cells were washed with phosphate-buffered solution and 

incubated for 24 hours in MEM containing 0.5% fetal bovine 

serum. One day later, the cells were exposed to 200 µM H
2
O

2
 

in the presence or absence of SOD1 or LMWP-SOD1. After 

a specified number of days, the cells were incubated with 

500 mg/mL MTT for 2 hours at 37°C. The intensity of the 

MTT product was measured at 550 nm using a microplate 

reader. The relative percentage of cell survival was calculated 

by dividing the absorbance of the treated cells by that of the 

control in each experiment.

Cell cycle analysis
DPSCs were seeded at a density of 1 × 106 cells/well in 

a 60 mm dish (Nunc) in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% fetal bovine serum and 

1%  antibiotics. The next day, the cells were washed with 

 phosphate-buffered solution and incubated for 24 hours in 

DMEM containing 0.5% fetal bovine serum. One day later, the 

cells were exposed to 200 µM H
2
O

2
 in the presence or absence 

of SOD1 or LMWP-SOD1 in DMEM containing 0.5% fetal 

bovine serum. The cells were collected by centrifugation, 

washed with phosphate-buffered solution, and fixed with 

70% ethanol. The fixed cells were harvested and  resuspended 

in 100 µL of phosphate-buffered solution containing 

50.0 µg/mL RNase (Amersco, Solon, OH) and 200 µg/mL 

propidium iodide (Sigma-Aldrich) at 4°C for an hour. The 

fluorescence of the cells was measured using a fluorescence-

assisted cell sorting (FACS) Calibur flow cytometer (Becton 

Dickinson, Lincoln Park, NJ).

SA-β-gal assay
SA-β-gal activity was determined using an SA-β-gal stain-

ing kit from Cell Signaling Technology according to the 

manufacturer’s instructions. Briefly, the cells were fixed 

in 2% (v/v) formaldehyde and 0.2% glutaraldehyde and 

then incubated in an SA-β-gal staining solution (1 mg/mL 

5-bromo-4-chloro-3-indolyl h-D-galactosidase, 40 mM citric 

acid, pH 6.0, 40 mM sodium phosphate, pH 6.0, 5 mM potas-

sium ferrocyanide, 5 mM potassium ferricyanide, 150 mM 

sodium chloride, and 2 mM magnesium chloride) at 37°C for 

16 hours. The senescent cells were identified as blue-staining 

by standard light microscopy, and a total of 1000 cells were 

counted in 20 random fields on a slide to determine the 

 percentage of SA-β-gal-positive cells.

Preparation of LMWP-SOD1 conjugates
SOD1 from bovine erythrocytes (Sigma-Aldrich; 1 mg/mL in 

phosphate-buffered solution) was mixed with succinimidyl-

4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC; 

Pierce, Rockford, IL) at a molar ratio of 1 to 10 and stirred 

at room temperature for an hour. The hydrolytic product of 

unreacted SMCC was removed from the solution by ultra-

filtration (molecular weight cutoff 500). The SOD1 solution 

was then mixed under reducing conditions with sulfhydryl 

LMWP (20-fold molar excess of sulfhydryl LMWP to 

SOD1) at pH 9. The solution was stirred overnight at 4°C. 

Conjugated LMWP-SOD1 was separated from unconjugated 

SOD1 using heparin-agarose beads (Sigma-Aldrich). A total 

of 1 mg of the SOD1 and LMWP mixture was applied to a 

small (0.5–1.0 mL bed volume) column of heparin-agarose 

in 10 mM Tris-HCl buffer (pH 7.4). The column was washed 

with this buffer to remove unbound protein and then eluted 

with a gradient of 0–2.0 M NaCl. The fractions were col-

lected for protein assays. The LMWP-SOD1 conjugate was 

concentrated, and its concentration was determined. The 

conjugated LMWP-SOD1 was examined using sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis and 
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matrix-assisted laser desorption ionization-mass spectrom-

etry to determine the number of LMWP moieties per protein. 

Molar incorporation of LMWP:SOD1 was calculated to be 

at a ratio of approximately 1:10.

Fluorescence labeling
The LMWP-SOD1 conjugates were labeled with fluores-

cein isothiocyanate (FITC) at their N-terminals. Briefly, the 

conjugate solution (pH 9.3, carbonate buffer) was reacted in 

a 1.0 to 1.5 molar ratio with an FITC solution (in dimethyl 

sulfoxide) overnight in the dark at room temperature. The 

reaction was monitored by high-pressure liquid chromatogra-

phy for the absorbance change at 215 nm (the peptide peak). 

The labeled peptides were purified by high-pressure liquid 

chromatography (purity . 95%), lyophilized, and stored at 

−20°C in the dark until further use. Only SOD1 was labeled 

with FITC and used as a conjugate control for FACS and 

confocal observation.

Flow cytometric analyses
The cells were seeded at a density of 1 × 105 cells/well in 

six-well plates in 2 mL of culture medium. One day later, 

the cells were washed and incubated with FITC-labeled 

LMWP-SOD1 for 30 minutes at 37°C in humidified 5% 

carbon dioxide. After incubation, the cells were washed 

with phosphate-buffered solution, treated extensively with 

trypsin-EDTA to remove any surface-bound FITC-labeled 

peptides, and washed again. The cells were then washed 

with phosphate-buffered solution twice. An analysis was 

conducted on a FACS Calibur flow cytometer (Becton 

Dickinson) equipped with a 488 nm air-cooled argon laser. 

The filter settings for emission were 530/30 nm bandpass for 

FITC. Fluorescence of 5000 vital cells was acquired, and the 

data were visualized in logarithmic mode.

Live cell uptake experiments
DPSCs were seeded at a density of 1 × 103 cells/well on an 

observation glass slide (Nunc) in DMEM containing 10% 

fetal bovine serum and 1% antibiotics. FITC-labeled LMWP-

SOD1 and FITC-labeled SOD1 were diluted in DMEM 

without phenol red and used at the indicated  concentrations. 

FITC-labeled LMWP-SOD1 and FITC-labeled SOD1 were 

incubated for 30 minutes at 37°C in humidified 5% carbon 

dioxide. Immediately after addition of the FITC-labeled 

fusion proteins to the cell, time lapse images were recorded 

over 60 minutes (with time intervals of one image per 

30 seconds). The images were obtained using confocal laser 

scanning microscopy.

Western blot analysis and enzyme assays
For Western blot analysis, the cells were lysed for 30 minutes 

on ice in cold lysis buffer (20 mM Tris-HCl pH 7.5, 1 mM 

EDTA, 1 mM EGTA, 150 mM NaCl, and 1% Triton X-100) 

containing a protease inhibitor cocktail and phosphatase 

inhibitor cocktail 2. The protein concentration was measured 

using a Bradford protein assay kit (Bio-Rad,  Hercules, CA). 

Equal aliquots of protein (40 µg) were boiled for 5 minutes 

in 5 × sample buffer (250 mM Tris-HCl [pH 6.8], 50% 

glycerol, 10% sodium dodecyl sulfate, 500 mM DTT, and 

0.5% bromophenol blue) and separated on 10% sodium 

dodecyl sulfate-polyacrylamide electrophoresis gel. The 

proteins were transferred to nitrocellulose membranes, 

washed with 1 × TBS-T (20 mM Tris-HCl, pH 7.6, 137 mM 

NaCl, and 0.1% Tween-20), and blocked for an hour at room 

temperature in 1 × TBS-T with 5% nonfat skim milk. The 

membranes were washed three times and incubated with 

primary antibodies in TBS-T containing 5% nonfat skim 

milk for 4 hours at 4°C. After three washes, the membranes 

were incubated with the secondary antibody (horseradish 

peroxidase-conjugated, 1:2000 in TBS-T) for 60 minutes, 

followed by an additional three washes. The protein bands 

were visualized with chemiluminescence reagents (West-Zol, 

Intron, Seoul, Korea). The SOD1 activity was assayed using a 

SOD assay kit from Fluka Chemicals (St Louis, MO) accord-

ing to the manufacturer’s instructions. The SOD1 activity 

was indirectly measured using nitroblue tetrazolium accord-

ing to the standard procedure. Briefly, enzyme activity was 

defined as the inhibition activity (%) correlating with reduced 

xanthine oxidase activity which is inhibited by SOD1. The 

experiments were performed in triplicate.

Estimation of mRNA levels  
by semiquantitative reverse  
transcriptase PCR analysis
Human DPSCs were exposed to 200 µM H

2
O

2
 in the pres-

ence or absence of SOD1 or LMWP-SOD1. At the end of the 

indicated times, total RNA was isolated using TRIzol RNA 

isolation (Invitrogen; Life Technologies) and quantified by 

ultraviolet spectroscopy. cDNA synthesis was performed on 

DNase I-treated total RNA (1 µg) with oligo (dT) priming 

using the SuperScript II preamplification system (Invitrogen). 

Reverse transcriptase polymerase chain reaction (PCR) was 

performed using a GeneAmp PCR 9700 thermocycler. PCR 

was performed with primers specific for p53, p21, alkaline 

phosphatase, type I collagen, osteopontin, runx2, msx1, 

msx2, dspp, and GAPDH. The density of the PCR products 

was detected using a Java-based image processing program 
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(Image J, NIH) and was normalized against the density of 

GAPDH from the same cDNA sample.

Matrix mineralization analysis
Mineralization of the extracellular matrix was determined 

using alizarin red S staining. For the detection of calcium 

deposits, the cells were washed three times with cold 

 phosphate-buffered solution and fixed in ice-cold 95%  ethanol 

for 15 minutes at 4°C. After an additional wash in water, the 

cells were incubated in 2% alizarin red S (Sigma-Aldrich) 

in water for 30 seconds at room temperature,  followed by 

two washes with water and then air-drying. Matrix mineral-

ization was quantified by extracting the alizarin red S stain 

with 10% cetylpyridinium chloride (Sigma-Aldrich) at room 

temperature for 2 hours. The absorbance of the extracted 

alizarin red S stain was measured at 570 nm.

Statistical analysis
All experiments were independently repeated at least three 

times, and the data are presented as the mean ± standard error. 

The data were analyzed by one-way analysis of variance fol-

lowed by Fisher’s protected least significant difference post 

hoc test (StatView; SAS Institute, Cary, NC). P , 0.05 was 

considered to be statistically significant.

Results
Synthesis of LMWP-SOD1 conjugates
Reactive amino groups in SOD1 enable coupling to vari-

ous bioactive molecules, including peptides, drugs, and 

antibodies.25–28 LMWP-SOD1 conjugate synthesis is illus-

trated in Figure 1A. The amino groups of SOD1 were reacted 

with SMCC to create SMCC-activated SOD1, followed by 

coupling with the sulfhydryl group of cysteine in LMWP. 

The LMWP-SOD1 conjugates were formed via a stable dis-

ulfide bond between SMCC and cysteine. Because SOD1 and 

LMWP were linked via non-cleavable covalent bonds using 

the crosslinking agent SMCC, the conjugates were stable 

throughout the entire cell translocation process.

Unreacted SOD1, SMCC, and LMWP were eluted from 

the heparin column via linear elution using 2.0 M NaCl 

according to published methods.13 Fraction 17 in Figure 1B 

had the same retention time as pure LMWP, and thus was 

identified as unreacted LMWP. Fractions 2 and 12 were col-

lected and subjected to sodium dodecyl sulfate-polyacrylam-

ide gel electrophoresis (Figure 1C). A size marker was loaded 

in lane 1, and fractions 2 and 12 were loaded into lanes 2 and 

3, respectively. The molecular weights of SOD1 and LMWP 

are 15,600 Da and 1880 Da, respectively. The molecular 

B
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Figure 1 (A) Diagram of LMWP-SOD1 conjugates. LMWP was chemically 
conjugated to the amine group of SOD1 via SMCC. (B) Analysis, detection, and 
purification of LMWP-SOD1 using a heparin affinity column. (C) SOD1 and LMWP-
SOD1 were confirmed by Coomassie staining. Lane 1 is the size marker, lane 2 
represents SOD1, and lane 3 represents LMWP-SOD1.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide 
dismutase; SMCC, succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate.

weight of the band in lane 3 (LMWP-SOD1 conjugates) 

was approximately 17,480 Da. The presence of a 33,000 

Da band was due to dimer formation of SOD1. Figure 1C 

demonstrates that the LMWP-SOD1 conjugates were 

 successfully linked.

Transduction of LMWP-SOD1 
into human DPSCs
SOD1 is an important enzyme that can detoxify free radicals 

and protect the cell from oxidative damage. SOD1 is difficult 

to use in cells because it cannot penetrate the cell due to its 

large size. We conferred cell-penetrating activity on SOD1 

by conjugating it with LMWP. To investigate the ability of 
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LMWP-SOD1 conjugates to transduce into DPSCs, SOD1, 

and LMWP-SOD1 were labeled with FITC and added to the 

culture medium of DPSCs at a final concentration of 2 µM for 

30 minutes, and analyzed by live cell confocal laser scanning 

microscopy (Figure 2A). Major fluorescence was observed in 

the cytosol, indicating that LMWP-SOD1 internalized into 

the cells within 30 minutes. In contrast with LMWP-SOD1, 

SOD1 did not internalize into the cell and was instead attached 

to the cell surface. To verify more precisely that this cell 

internalization event was mediated by LMWP, we quantified 

the internalized LMWP-SOD1 conjugates. Cellular uptake 

of unconjugated SOD1 or LMWP-SOD1 was measured 

using the mean fluorescent signal of 10,000 collected cells. 

FACS results were in accordance with confocal microscopic 

studies (Figure 2B). The reason for the increased intensity in 

SOD1-treated cells in FACS analysis is that SOD1 protein 

remained attached to the cell surface despite the harsh wash-

ing step and treatment with trypsin-EDTA. This phenomenon 

might explain the contradiction between Figure 2B and C. 

The viability of DPSCs treated with SOD1 or LMWP-SOD1 

was elucidated by cell cycle analysis using propidium iodide 

(Figure S1). Before the propidium iodide staining procedure, 

the cells were washed under the same conditions as shown in 

Figure 2C. The cell viability of untreated, SOD1-treated, and 

LMWP-SOD1-treated cells was similar, and treatment with 

trypsin-EDTA did not affect viability.

Overall, the cell uptake studies clearly demonstrate that 

LMWP can deliver SOD1 effectively to the DPSC cytosol. 

To confirm penetration of LMWP-SOD1 and SOD1, each 

enzyme was added to DPSCs at a 2 µM concentration for 

30 minutes, followed by Western blot analysis (Figure 2C). 

The cells treated with the LMWP-SOD1 conjugate were 

detected only in comparison with the control and the SOD1-

treated cell cultures. To detect the stability of LMWP in 

cells, the investigators treated DPSCs with LMWP (2 µM) 

in a time-dependent manner and observed the remaining 

LMWP by FACS analysis. LMWP itself penetrated into the 

cell within 30 minutes and remained unchanged until 6 hours. 

After 12 hours of treatment, the remaining LMWP in the 

DPSCs had reduced to nearly half the level in the control 

group (Figure S2A and B). Next, to clarify that LMWP alone 

has no effect on cells, we determined cell viability by MTT 

assay (Figure S3A) and cell cycle distribution by FACS anal-

ysis (Figure S3B). The cell viability curve for the LMWP-

treated group was similar to that of the untreated cells. The 

LMWP did not affect cell cycle distribution when compared 

with the untreated cells. Previous studies have demonstrated 

that LMWP itself has no effect on cells.34,35,37,38

Next, we determined the transduction kinetics for the 

LMWP-SOD1 conjugate. The SOD1 and LMWP-SOD1 con-

jugate was added to the culture medium of DPSCs at a concen-

tration of 2 µM for various time periods. The resulting levels 

of transduced proteins were analyzed by Western blotting, and 

SOD1 enzyme activity was measured using a SOD1 determi-

nation assay kit. The intracellular level of the LMWP-SOD1 

conjugate was initially detected after 30 minutes, peaked at 

one hour, and persisted in the cells until 72 hours  (Figure 2D). 

However, the enzyme activity of the LMWP-SOD1 that 

penetrated the cells peaked at 3 hours and then declined 

gradually over 72 hours (Figure 2E). SOD1 activity includes 

that for endogenous SOD1. The SOD1-treated cells were also 

subjected to Western blot analysis and a SOD1 activity assay 

(Figure S4A and B). Treatment of non-conjugated SOD1 did 

not affect intracellular SOD1 levels or its activity. These data 

suggest that the LMWP-SOD1 conjugate is capable of being 

internalized and demonstrates that protein transduction can be 

applied generally to DPSCs with high efficiency.

LMWP-SOD1 suppresses cellular 
senescence induced by h2O2 in DPSCs
Internalization of SOD1 by LWMP suppressed H

2
O

2
-induced 

enlargement of cell size and flattened cell morphology, and 

restored the natural morphology of DPSCs compared with 

SOD1-treated cells (Figure 3A and B). Control DPSCs 

(+H
2
O

2
) and SOD1-treated DPSCs (+H

2
O

2
) were 28.5% and 

26.8% positive, respectively, for SA-β-gal staining  (Figure 3B 

and C, arrow head); however, LMWP-SOD1-treated 

DPSCs (+H
2
O

2
) were 12.3% positive for SA-β-gal staining 

 (Figure 3B and C, arrow head). Furthermore, we investigated 

the effect of LMWP-SOD1 on cell viability and the cell 

cycle. LMWP-SOD1 slightly restored cell viability which had 

been inhibited by H
2
O

2
 (Figure 3D). Similarly, for the control 

DPSCs (+H
2
O

2
) and the SOD1-treated DPSCs (+H

2
O

2
), the 

number of cells in G1 phase was increased, but the number of 

LMWP-SOD1-treated DPSCs (+H
2
O

2
) in G1 phase slightly 

and significantly decreased compared with  control DPSCs 

(+H
2
O

2
) and SOD1-treated DPSCs  (Figure 3E). These 

results suggest that LMWP-SOD1 conjugates have an  ability 

to suppress H
2
O-induced cellular senescence-associated 

 morphological changes and cell proliferation.

LMWP-SOD1 influences H2O2 induction 
of p53-p21cip/WAF1 pathway in DPSCs
To investigate the effect of LMWP-SOD1 on the H

2
O

2
-

 activated p53–p21Cip1/WAF1 pathway, p53 and p21Cip1 

mRNA and protein expression levels were measured. The p53 
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Figure 2 Transduction ability of LMWP-SOD1 in DPSCs. FITC-labeled SOD1 and LMWP-SOD1 were incubated with DPSCs at a concentration of 2 µM for 30 minutes 
(A) The intracellular distribution of SOD1 and LMWP-SOD1 without fixation was observed by live cell confocal laser scanning microscopy. After FITC-labeled SOD1 
and LMWP-SOD1 (2 µM) were incubated with the cells, they were washed twice with phosphate-buffered solution and immediately observed by confocal microscopy.  
(B) FITC-labeled SOD1 and LMWP-SOD1 (2 µM) were incubated with cells for 30 minutes, and the cells were washed twice with phosphate-buffered solution and incubated 
with 1% trypsin-ethylenediamine tetra-acetic acid for 10 minutes. After incubation, the cells were washed twice with phosphate-buffered solution and immediately observed 
by flow cytometry. Purple, untreated cells; orange, SOD1-FITC; blue, LMWP-SOD1-FITC. (C) Transduction of LMWP-SOD1 was analyzed by Western blotting using 
an anti-SOD1 antibody. β-actin was detected as a loading control. Stability of the transduced LMWP-SOD1 protein in cultures of human dental pulp stem cells is shown.  
A total of 2 µM LMWP-SOD1 was added to the culture medium and incubated for various time periods. As a control, 2 µM SOD1 protein without the transduction domain 
was added to the culture medium for 3 hours. (D) Transduction of the proteins into the cells was analyzed by Western blotting. β-actin was detected as a loading control. 
(E) Transduced proteins in the cells were analyzed using a SOD1 activity assay.
Notes: Each bar represents the mean ± standard error of the mean obtained from four experiments. Four independent experiments were performed in duplicate, and 
significant differences are denoted by symbols. *P , 0.05 versus the 0-hour incubation.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide dismutase; FITC, fluorescein isothiocyanate; DPSCs, human dental pulp stem cells.
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A
NT H2O2

H2O2 + SOD H2O2 + LMWP-SOD

B
NT H2O2

H2O2 + SOD H2O2 + LMWP-SOD

Figure 3 Effect of LWMP-SOD1 on h2O2-induced senescence in human DPSCs. 
DPSCs were pretreated with SOD1 (2 µM) or LMWP-SOD1 (2 µM) for 3 hours 
before 2 hours of incubation with h2O2. After removal of h2O2, the medium 
was refreshed, and the cells were continuously cultured for an additional 3 days. 
(A) The altered morphology of the DPSCs was observed by light microscopy 
(50×). (B) SA-β-gal-positive DPSCs observed by light microscopy (100×). 
(C) The percentage of SA-β-gal-positive cells treated with SOD1 or LMWP-SOD1. 
(D) growth curves were monitored via MTT assay. Cell viability was determined 
at day 3 after brief h2O2 exposure, and LMWP-SOD1 slightly reversed the h2O2-
induced attenuation of cell viability. (E) FACS analysis of the cell cycle distribution in 
controls or 3 days after brief h2O2 exposure.
Notes: ░ g2,  S,  g1,  sub-g1. Each bar represents the mean ± standard error 
of the mean obtained from four experiments. Four independent experiments were 
performed in duplicate, and significant differences are denoted by symbols: *P , 0.05 
versus h2O2 and SOD1-treated group (C) P = 0.018, (D) P = 0.04, (E) P = 0.015.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide dis-
mutase; DPSCs, human dental pulp stem cells; SA-β-gal, senescence-associated 
β-galactosidase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;  
FACS, fluorescence-assisted cell sorting.
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and p21Cip1/WAF1 mRNA levels were increased by H
2
O

2
 2.0-

fold and 3.15-fold, respectively (Figure 4A and B). The 

control DPSCs (+H
2
O

2
) and SOD1-treated DPSCs (+H

2
O

2
) 

had no influence on mRNA expression, but LMWP-SOD1-

treated DPSCs (+H
2
O

2
) significantly abolished the H

2
O-

induced increase in p53 and p21Cip1/WAF1 mRNA expression 

levels to the basal state. The p53 and p21Cip1/WAF1 protein 

levels were also quantified by Western blot analysis. As with 

the mRNA levels, treatment with LMWP-SOD1  partially 

abolished H
2
O

2
-induced p53 and p21Cip1/WAF1 protein expres-

sion in human DPSCs (Figure 4C and D). Next, levels of 

the remaining intracellular SOD1 proteins were assessed 

using a specific antibody. H
2
O

2
 exposure decreased SOD1 

levels, but treatment of DPSCs with the LMWP-SOD1 

conjugate maintained SOD1 levels despite H
2
O

2
 exposure. 

SOD1 expression was 2.3-fold higher than that of the control 

(Figure 4E and F). These results suggest that pretreatment 

with LMWP-SOD1 not only enables SOD1 to remain in the 

cell for at least 3 days, but also suppresses H
2
O

2
-induced 

cellular senescence via regulation of the p53-p21Cip1/WAF1 

signaling pathway.

LMWP-SOD1 reverses h2O2 inhibition 
of osteogenic but not odontoblast 
differentiation
We investigated the effect of LMWP-SOD1 on odontoblastic 

differentiation by detecting odontogenesis markers (msx1, 

msx2, dspp). Odontogenesis was inhibited in H
2
O

2
-treated 

cells but pretreatment with SOD1 or LMWP-SOD1 did not 

induce any change in these gene markers. This result sug-

gests that internalization of SOD1 by LMWP had no signifi-

cant effect on any H
2
O

2
-induced decrease in odontogenesis 

 (Figure 5A and B). For this reason, the investigators focused 

on osteoblastic differentiation of DPSCs to clarify the effect 

of LMWP-SOD1 in H
2
O

2
-induced DPSC senescence. To 

elucidate the osteogenic differentiation, osteogenic genes 

such as alkaline phosphatase, type I collagen, osteopontin, and 

runx2 were detected by reverse transcriptase PCR  (Figure 5C) 

and quantified using the Image J program  (Figure 5D). 

Treatment with LMWP-SOD1 partially restored the alkaline 

phosphatase, type I collagen, osteopontin, and runx2 mRNA 

levels, but there was no significant change in expression 

of osteocalcin (data not shown), a late gene marker of 

 osteogenesis. Osteogenesis was inhibited in H
2
O

2
-treated cells 

and H
2
O

2
-treated cells with SOD1. Cells treated with LMWP-

SOD1 prior to H
2
O

2
 exposure showed significantly increased 

formation of calcium phosphate crystals (Figure 5E). This 

result suggests that inhibition of osteogenesis by H
2
O

2
 was 
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Figure 4 Effect of LMWP-SOD1 on h2O2-induced activation of the p53-p21cip/WAF1 pathway in human DPSCs. DPSCs were pretreated with SOD1 (2 µM) or LMWP-SOD1 
(2 µM) for 3 hours before 2 hours of incubation with h2O2. After removal of h2O2, the cells were continuously cultured for an additional 3 days. (A) The p53 and p21Cip1/
WAF1 genes were detected by reverse transcriptase polymerase chain reaction. (B) Transcription levels of p53 and p21Cip1/WAF1 were quantified. GAPDH was detected 
as a loading control.  p53,  p21 Cip1/WAF1. (C) Phosphorylated p53, p53, and p21Cip1/WAF1 proteins were detected by Western blotting. (D) Protein levels of 
phosphorylated p53/p53 and p21Cip1/WAF1 were quantified. β-actin was detected as a loading control.  p-p53/p53,  p21 Cip1/WAF1. DPSCs were pretreated with SOD1 
(2 µM) or LMWP-SOD1 (2 µM) for 3 hours before 2 hours of incubation with h2O2. After removal of h2O2, the cells were continuously cultured for an additional 3 days. 
(E) Levels of SOD1 protein were detected by Western blotting. (F) The SOD1 expression level was quantified and normalized with β-actin.
Notes: Each bar represents the mean ± standard error of the mean obtained from four experiments. Four independent experiments were performed in duplicate, and significant 
differences are denoted by symbols: (B, D) *P , 0.05 versus the h2O2- and SOD1-treated group; #P , 0.05 versus the h2O2- and SOD1-treated group. (B) *P = 0.012; #P = 0.04; 
(D) *P = 0.023; #P = 0.02; (F) *P , 0.05 versus the SODI-treated group; #P , 0.05 versus the h2O2- and SODI-treated group. (F) *P = 0.018; #P = 0.03.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide dismutase; DPSCs, human dental pulp stem cells.
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Figure 5 Effect of LMWP-SOD1 on h2O2 inhibition of odontogenic or osteogenic 
differentiation in human DPSCs. DPSCs were pretreated with SOD1 (2 µM) or 
LMWP-SOD1 (2 µM) for 3 hours before 2 hours of incubation with h2O2. After 
removal of h2O2, the cells were washed and recultured with fresh differentiation 
medium for 28 days. (A and B) Odontogenic gene markers were detected by 
reverse transcriptase polymerase chain reaction (A) and gene expression levels were 
quantified (B). (C) Osteogenic gene markers were detected by reverse transcriptase 
polymerase chain reaction. (D) Gene expression levels were quantified.  Alkaline 
phosphatase,  type I collagen, ░ osteopontin,  runx2. Each bar represents the 
mean ± standard error of the mean obtained from four experiments. (E) Matrix 
mineralization was detected by alizarin red S staining. (F) The calcified area stained 
with alizarin red S was quantified.
Notes: Four independent experiments were performed in duplicate, and significant 
differences are denoted by symbols: *P , 0.05; #P , 0.05; $P , 0.05; aP < 0.05 
versus the h2O2- and SOD1-treated group (D) *P = 0.015; #P: 0.021; $P: 0.025; 
@P: 0.043; (F) *P = 0.019.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide 
dismutase; DPSCs, human dental pulp stem cells; ALP, alkaline phosphatase; NT, no 
treatment; OP, osteopontin.
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Figure 5 (Continued)

reversed by LMWP-SOD1. The calcified areas stained with 

alizarin red S were quantified (Figure 5F). These data con-

firm that intracellular penetration of LMWP-SOD1 reversed 

the H
2
O

2
-induced decrease in osteogenic differentiation by 

restoring the expression of osteogenic genes, such as alkaline 

phosphatase, type I collagen, osteopontin, and runx2, without 

affecting odontogenic gene markers.

Discussion
Reactive oxygen species, such as superoxide anion (O2-) 

and H
2
O

2
, induce oxidative stress and mediate pathological 
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events leading to development of several diseases, including 

cancer, allergies, and Alzheimer’s disease, as well as irre-

versible senescence.17,39 In addition to the several negative 

effects of reactive oxygen species, one of the major problems 

concerning use of stem cells is their decreasing potential for 

differentiation and self-renewal. As reported previously, 

cells with premature senescence induced by H
2
O

2
 showed 

increased p53 activation and p21Cip1/WAF1 expression, which 

is likely due to H
2
O-induced oxidative DNA damage.40–42 

Increased levels of p53 and p21Cip1/WAF1 may mediate ini-

tiation of H
2
O

2
-induced cell cycle arrest.42–45 H

2
O

2
-induced 

cellular senescence was indicated by increased SA-β-gal 

activity, a flattened cell morphology, and an enlarged cell 

size.43–45 Antioxidant enzymes, including SOD1, have been 

considered to be potential therapeutic agents because of 

their detoxifying abilities, which can reduce oxidative 

stress caused by various factors. Unfortunately, SOD1 

has the limitation of being unable to penetrate into cells to 

protect against oxidative stress. We developed an intracel-

lular  delivery system for SOD1 by conjugating it with a 

cell- penetrating peptide to restore osteoblastic differentia-

tion from oxidative stress-induced senescence of DPSCs. 

 Previous studies have shown that cell-penetrating recombi-

nant catalase protein fused with HIV-1 TAT (RKKRRQRRR) 

or  arginine-rich peptides (RRRRRRRRR) are transported 

into the epidermis of the skin.17 It would be more appropriate 

to study the effect of conjugated catalase rather than SOD1 

which is also involved in generation of H
2
O

2
. However, 

we focused on the delivery of SOD, rather than the kind 

of antioxidant enzyme, into cells to eliminate the reactive 

oxygen species and reverse the cellular senescence by 

penetrated SOD. 

In this study, we conjugated LMWP with SOD1 and 

evaluated its effects on cellular senescence and differen-

tiation capacity induced by H
2
O

2
. Treatment with LMWP-

SOD1 suppressed H
2
O

2
-induced cell enlargement and 

flattened morphology and significantly attenuated increased 

SA-β-gal expression, but only slightly affected H
2
O

2
-induced 

cell cycle arrest and cell viability. Further, induction of 

p53 and p21Cip1/WAF1 mRNA and protein levels by H
2
O

2
 

was significantly suppressed by LMWP-SOD1. Herein, the 

authors focused on the regulation of cell cycle proteins, such 

as p53 and p21Cip1/WAF1,46,47 to determine the possibility of 

attenuation of cellular senescence, because these are major 

targeting proteins directly influenced by H
2
O

2
. Further study 

might be needed for other cell cycle proteins, such as p27, 

retinoblastoma protein, cell-division cycle proteins, and 

cyclins, to explain the observed drop in number of cells at 

G1 phase in cells treated with LMWP-SOD1. LMWP-SOD1 

did not show any reversal of the decrease in odontogenesis 

induced by H
2
O

2
. In contrast, osteoblastic differentiation 

ability was partially restored when the cells were pretreated 

with LMWP-SOD1. This study suggests that LMWP-SOD1 

conjugates may be useful for preventing stem cell senescence 

induced by oxidative stress, and specifically for application 

in osteoblastic differentiation.

Conclusion
SOD1 conjugated with LMWP can penetrate into DPSCs 

directly, where they have a protective effect against H
2
O

2
. 

LMWP-SOD1 conjugates can be used not only in protein 

therapy for various diseases related to this antioxidant 

enzyme but also to overcome stem cell senescence induced 

by oxidative stress.
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Supplementary figures
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Figure S1 The viability of DPSCs treated with SOD1 or LMWP-SOD1 was 
elucidated by cell cycle analysis.
Notes: SOD1 and LMWP-SOD1 (2 µM) were incubated with cells for 30 minutes, 
the cells were washed twice with phosphate-buffered solution, and then incubated 
with 1% trypsin-ethylenediamine tetra-acetic acid for 10 minutes. After incubation, 
the cells were washed twice with phosphate-buffered solution and fixed with 70% 
ethyl alcohol for one hour. The cells were then washed twice with phosphate-
buffered solution and incubated with propidium iodide and RNase. Cells stained 
with propidium iodide were observed by flow cytometry.
Abbreviations: LMWP, low molecular weight protamine; SOD1, superoxide 
dismutase; DPSCs, human dental pulp stem cells, NT, no treatment.
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Figure S2 Transduction ability of LMWP into DPSCs. FITC-labeled LMWP (2 µM) 
was incubated for various time intervals. After incubation of the cells with FITC-
labeled LMWP, the cells were washed twice with phosphate-buffered solution and 
incubated with 1% trypsin-ethylenediamine tetra-acetic acid for 10 minutes. After 
incubation, the cells were washed twice with phosphate-buffered solution and 
immediately observed by flow cytometry. (A) FACS analysis of the LMWP which 
had penetrated into the cells. (B) Penetration level of LMWP.
Notes: Each bar represents the mean ± standard error of the mean obtained from 
four experiments. Three independent experiments were performed in duplicate.
Abbreviations: FITC, fluorescein isothiocyanate; LMWP, low molecular weight 
protamine; SOD1, superoxide dismutase; DPSCs, human dental pulp stem cells.
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Figure S3 Effect of LWMP on human DPSCs. DPSCs were pretreated with LMWP (2 µM) for various time intervals. (A) growth curves were monitored by MTT assay.  
(B) FACS analysis of cell cycle distribution was determined at 0, 24, 48, and 72 hours after incubation with LMWP.
Note: Four independent experiments were performed in duplicate.
Abbreviations: LMWP, low molecular weight protamine; DPSCs, human dental pulp stem cells; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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Figure S4 Transduction ability of SOD1 into DPSCs. SOD1 protein (2 µM) was incubated for various time intervals. (A) Transduction of SOD1 was analyzed by Western 
blotting with an anti-SOD1 antibody. β-actin was detected as a loading control. (B) The activity of the transduced SOD1 protein was analyzed in cultures of human DPSCs.
Notes: Each bar represents the mean ± standard error of the mean obtained from four experiments. Four independent experiments were performed in duplicate.
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