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The therapeutic potential of tonsil-derived mesenchymal stem cells (TMSCs) has been proved in several in vitro and in vivomodels
based on their antioxidative capacity. Oxidative stress is involved in the formation of vocal fold scars and the aging of vocal folds.
However, few studies have examined the direct correlation between oxidative damage and reconstitution of extracellular matrix
(ECM) in the vocal fold fibrosis. We, therefore, sought to investigate the impact of oxidative stress on cell survival and ECM
production of human vocal fibroblasts (hVFFs) and the protective effects elicited by TMSCs against oxidative damages in
hVFFs. hVFFs were exposed to different concentrations of tert-butyl hydroperoxide in the presence or absence of TMSCs. Cell
viability and reactive oxygen species (ROS) production were assessed to examine the progression of oxidative stress in vitro. In
addition, expression patterns of ECM-associated factors including various collagens were examined by real-time PCR and
immunocytochemical analysis. We found that both cell viability and proliferation capacity of hVFFs were decreased following
the exposure to tBHP in a dose-dependent manner. Furthermore, tBHP treatment induced the generation of ROS and reactive
aldehydes, while it decreased endogenous activity of antioxidant enzymes in hVFF. Importantly, TMSCs could rescue these
oxidative stress-associated damages of hVFFs. TMSCs also downregulated tBHP-mediated production of proinflammatory
cytokines in hVFFs. In addition, coculture with TMSC could restore the endogenous matrix metalloproteinase (MMP) activity
of hVFFs upon tBHP treatment and, in turn, reduce the oxidative stress-induced ECM accumulation in hVFFs. We have,
therefore, shown that the changes in hVFF proliferative capacity and ECM gene expression induced by oxidative stress are
consistent with in vivo phenotypes observed in aging vocal folds and vocal fold scarring and that TMSCs may function to
reduce oxidative stress in aging vocal folds.

1. Introduction

Reactive oxygen species (ROS) are constantly produced in
cells and are regulated by various intracellular antioxidant
mechanisms under normal conditions. However, excessive
production of ROS impairs cellular defense mechanisms,
leading to the development of various diseases including

diabetes, inflammatory conditions, cancer, and neurodegen-
erative diseases [1, 2]. ROS are also involved in wound heal-
ing and aging of tissues. Although ROS are involved in
defense against pathogens and have essential roles as media-
tors of cellular signaling, excessive amounts of ROS can
hinder normal wound healing [3–5]. ROS are produced, pre-
dominantly by inflammatory cells, during the early stage of
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vocal fold wound healing [6]. Furthermore, oxidative stress
markers have been found to be upregulated, and the compo-
sition of the extracellular matrix (ECM) was altered, in aging
vocal folds [7]. However, the oxidative stress-mediatedmech-
anisms responsible for these ECM changes in vocal fold
lamina propria remain unclear.

Scarring of the vocal fold is an important clinical chal-
lenge that is not fully understood within the field of laryngol-
ogy. Vocal cord scarring acts to significantly reduce the voice
quality and eventually reduces the quality of life for patients.
Several growth factors, such as hepatocyte growth factors
(HGF), transforming growth factor, beta 3 (TGFβ-3), and
basic fibroblast growth factors (bFGF), have been used as
preventative and therapeutic agents for vocal fold scars
[8–10]. Moreover, several studies have investigated the ther-
apeutic potential of mesenchymal and embryonic stem cells
for the prevention and treatment of vocal fold scarring
[11, 12]. Injection of stem cells into the vocal fold wound
may serve to improve healing and decrease the accumulation
of collagen, thereby preventing scar formation in vocal folds.
However, the precise mechanism responsible for the observed
alterations in vocal fold ECM following injection of stem cells
is not yet clear.

MSCs from various sources are also ideal candidates for
cell-based and regenerative therapies in several fields due
to their self-renewal capacity and multipotent properties
[12–14]. In addition to direct regenerative properties, MSCs
have been reported to exert various supportive functions
including enhanced proliferation and differentiation during
the process of tissue healing [15]. Through the paracrine pro-
duction of various growth factors and cytokines, MSCs are
also involved in a myriad of additional functions including
angiogenesis, immunomodulation, and antiapoptotic regula-
tion [16]. Recently, it has been reported that MSCs also elicit
antioxidant properties against oxidative stress [16, 17].

However, MSCs derived from only certain tissues are
commonly employed in in vitro tissue culture studies. Specif-
ically, tonsil-derived mesenchymal stem cells (TMSCs) are
readily obtained from tonsillectomy tissue, which is a com-
mon operation in otolaryngology. TMSCs have the ability
to differentiate into various mesodermal cells including oste-
oblasts, chondrocytes, and adipocytes [18]. TMSCs also have
the advantage of being able to rapidly proliferate and sustain
up to 20 passages of cell expansion compared to MSCs
obtained from other sources [19, 20].

To date, no study has examined the changes that occur
within vocal fold fibroblasts following exposure to oxidative
stress or the protective effect elicited byMSCs. Therefore, this
study sought to investigate the changes that occur in the pro-
liferative capacity of human vocal fold fibroblasts (hVFFs) as
well as the expression patterns of ECM-related genes within
these cells following exposure to oxidative stress. We also
evaluated the antioxidant properties of TMSCs in hVFFs.

2. Materials and Methods

2.1. Human Vocal Fold Fibroblasts (hVFFs) and Human
Tonsil-DerivedMesenchymal Stem Cells (TMSCs). The hVFFs
from one donor were kindly provided by Professor Susan

Thibeault at the University of Wisconsin, USA. The cells
were grown in Dulbecco’s modified Eagle medium (DMEM,
Invitrogen, Carlsbad, CA, USA) supplemented with 2mM
L-glutamine, 100mg/mL penicillin-streptomycin, 2.5mg/L
amphotericin B, and 10% heat-inactivated fetal bovine
serum (FBS, Gibco, Grand Island, NY, USA). Cells were
maintained at 37°C in a humidified atmosphere containing
5% CO2. TMSCs were isolated and characterized as described
previously [1]. We used the cells that we validated the
characteristics of mesenchymal stem cells by determining
the differentiation potential and immunological phenotypes
as we previously reported (Supplementary Figure 1) [18–20].
Briefly, TMSCs were isolated from excised palatine tonsil
tissue obtained after tonsillectomy. Isolated tissues were
washed and digested using 0.075% collagenase type I
(Sigma, St. Louis, MO) for 30 minutes at 37°C. The pellet
was harvested and filtered through a 100μm nylon mesh.
Cells were incubated overnight in α-MEM containing 10%
fetal bovine serum (FBS) at 37°C with 5% CO2, and
adherent cells were further maintained. All procedures
using human tonsil tissue-derived cells were conducted in
accordance with guidelines approved by the Pusan National
University Hospital Institutional Review Board. For this
study, MSCs derived from tonsil tissues of two different
patients were used.

2.2. Cell Proliferation and Viability Assays. Cell viability
was determined using the CCK-8 assay. Briefly, hVFFs
(5 × 104 cells/well) in a logarithmic growth phase were
seeded in 96-well plates and treated different concentrations
of exogenous tBHP (0, 300, 500, 1000, or 2000μM) for 3 h;
10μL of CCK-8 dye (Abcam, Cambridge, MAUSA) was then
added into each well. The plates were incubated at 37°C for
2 h. The optical density (OD) was read at 450nm (Gen5™
Microplate Reader, Winooski, VT, USA). Positively stained
cells were considered viable and were presented as percent-
ages of the control cells. The goal of this assay was to deter-
mine which conditions permitted up to 80% survival to
establish an effective tBHP damage model. To evaluate the
cell proliferation rate, the control and TMSC-cocultured
hVFFs (as described below) were treated with 100μM of
EdU for 3 hours with or without tBHP; then, the EdU uptake
level of each group was determined using a Click-iT EdU
flow cytometry assay kit (Invitrogen, Carlsbad, CA, USA)
as per the manufacturer’s instruction.

2.3. Coculture System. The hVFFs were seeded at an initial
density of 4 × 105 cells/cm2 in 6-well culture plates. Trans-
wells (upper chamber) were placed in other 6-well culture
plates and seeded with different hVFF : TMSC ratios
(4 × 105 hVFFs in lower chamber, 2 × 105 or 8 × 104 TMSCs
in upper chamber). After cell attachment and stabilization,
transwells containing TMSCs (for coculture) were trans-
ferred into the corresponding wells of the 6-well culture plate
containing hVFFs to create the hVFF/TMSC coculture
system without direct cell-to-cell contact. After 24 hours,
transwell containing TMSCs was removed and hVFFs were
used for further analysis.
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2.4. Assessment of ROS Production. The level of ROS induced
by tBHP in hVFFs was measured using 2′,7′-dichlorofluor-
escein diacetate (DCFDA) as a fluorescent probe (Invitrogen).
DCFDA is a fluorogenic dye that measures hydroxyl, peroxyl,
and other ROS activities within the cell. After coculturing of
hVFFs with TMSCs for 24 h, transwells (upper chamber) con-
taining TMSCs were removed and hVFFs were treated with
tBHP, followed by the washing and incubation with DCFDA
(10mM) for 45min at 37°C in the dark. DCFDA solution
was then removed, and the cells were washed twice with
PBS. Absorbance was then measured using a fluorescence
plate reader at Ex/Em = 485/535 nm in the endpoint mode
(Gen5™Microplate Reader, Winooski, VT, USA).

2.5. Quantification of Intracellular MDA andMeasurement of
the Level of Antioxidant Activity. hVFFs and cocultured
cellular malondialdehyde (MDA) were measured according
to the manufacturer’s instructions using a Lipid Peroxidation
(MDA) Assay Kit (Abcam, Cambridge, MA USA). Briefly,
under acidic conditions, MDA reacted with thiobarbituric
acid (TBA) at 95°C. The MDA-TBA conjugate was mea-
sured at 532nm using a multimode microplate reader
(Synergy H1 Hybrid reader). Intracellular MDA was
expressed as nmol/mg of cellular protein. Intracellular
enzyme extracts were obtained by removing the supernatants
and trypsinizing the hVFFs to collect them. The cells were
then homogenized in a solution containing 10mM Tris-HCl
buffer. The homogenate was centrifuged at 4°C, 3000 rpm
for 10min, and the resulting supernatant was collected for
detection of superoxide dismutase (SOD) using a commercial
assay kit purchased from Cyman Chemical (Ann Arbor, MI,
USA) according to the manufacturer’s instructions.

2.6. Enzyme-Linked Immunosorbent Assays. Culture super-
natants from the control and cocultured hVFFs were exam-
ined for levels of interleukin- (IL-) 1β and tumor necrosis
factor-alpha (TNF-α) using human ELISA kits (eBioscience,
San Diego, CA, USA, and ThermoFisher, Waltham, MA,
USA), according to the manufacturer’s instructions.

2.7. Quantitative Real-Time PCR (qRT-PCR). Total RNA
from hVFFs was isolated using a TRIzol Reagent (Thermo-
Fisher) according to the manufacturer’s protocol and was
then treated with RNase-free DNase to eliminate genomic
DNA contamination. Total RNA (2μg) was reverse tran-
scribed into cDNA with AccuPower® CycleScript RT PreMix
(Bioneer, Daejeon, Republic of Korea). Real-time quanti-
tative reverse transcription polymerase chain reaction
(qRT-PCR) was performed on an ABI PRISM 7500
Real-Time PCR System using AccuPower® 2X GreenStar™
qPCR Master Mix (Bioneer). Reaction conditions were
10min at 95°C (one cycle), 10 sec at 95°C, and 30 sec at
60°C (40 cycles). Normalization consisted of using the differ-
ences between the cycle thresholds (delta CT) and the expres-
sion level for GAPDH to calculate the delta CT/target gene
delta CT ratio. Delta/delta CT corresponds to the differences
between the delta CT and the internal control gene. The
information on primer sequences is shown in Table 1.

2.8. Immunofluorescent Staining. Cells were washed in
PBS and fixed on coverslips with 3% paraformaldehyde
(Biosesang, Bundang, Korea) for 10min at room temperature
and rinsed twice with PBS. Cells were permeabilized with
0.25% Triton X-100 (Roche Molecular Biochemicals,
Indianapolis, IN) in PBS for 10min at room temperature
and then blocked with 1% bovine serum albumin (Sigma)
for 1 h.After blocking, cells were incubated with primary
antibodies for collagen I (Abcam, ab34710), collagen III
(Abcam, ab7778) and collagen IV (Abcam, ab6586) at 4°C
overnight and then washed with PBS (3 × 5min).Cells were
incubated with FITC- or TRICT-conjugated goat anti-
mouse antibodies (Molecular Probes, Eugene, OR)
(1:1000)for 1 h at room temperature, followed by the washing
with PBS (3 × 5 min). Nuclei were stained with 0.1μg/mL
DAPI. The coverslips were mounted face down on micro-
scope slides with mounting medium (Vector Laboratories,
Inc., Burlingame, CA) to be viewed on a confocal microscope
(Leica DM4000/600M, Versatile Upright Microscope for
Materials Analysis).

2.9. Matrix Metalloproteinase (MMP) Activity Assay. The
MMP activity assay kit (Abcam, Cambridge, MA, USA)
was used to analyze the activity of MMPs from cell superna-
tants by incubating with a fluorescent substrate (fluores-
cence resonance energy transfer (FRET) peptide). In the
intact FRET peptide, the fluorescence of one part is
silenced by another. After cleavage into two separate
fragments by MMPs, the fluorescence is recovered. The
probe signal was then detected using a fluorescence micro-
plate reader at Ex/Em = 490/525 nm (Gen5™ Microplate
Reader, VT, USA).

2.10. Statistical Analysis. Data analysis was performed using
SigmaPlot 10.0 (Systat Software Inc., San Jose, CA, USA).
All experimental data were expressed as the mean ± SD.
Differences between the groups were analyzed using Student’s
t-test and one-way analysis of variance (ANOVA) followed by
Bonferroni post hoc test for multigroup comparisons with
P < 0:05 considered as statistically significant.

3. Results

3.1. Cell Viability and Proliferation of hVFFs Were Decreased
after Exogenous Induction of Oxidative Stress and Partially
Restored by TMSC Coculture. To investigate whether hVFF
proliferation is affected following induction of oxidative
stress, cell proliferation and viability were performed after
various concentration of tBHP treatment. We found that cell
viability was significantly decreased in a dose-dependent
manner following treatment with tBHP (Figure 1(a)). To
establish optimal experimental conditions for assessing
the effects of oxidative stress in hVFFs, 300μM of tBHP
treatment was selected for further protocols since it elic-
ited the lowest level of cytotoxicity in the viability assay
(Figure 1(a)). Then, we examined the antioxidant capacity
of TMSCs on tBHP-treated hVFFs by culturing hVFFs with
TMSCs. We observed that TMSCs partially restored cell pro-
liferation in a dose-dependent manner. The coculture ratio

3Stem Cells International



Table 1: Primer sequences.

Gene Primer Sequence

Human HO1
Forward 5′-GAGGGAAGCCCCCACTCAAC-3′
Reverse 5′-GGCATAAAGCCCTACAGCAACT-3′

Human SOD1
Forward 5′-ACAAAGATGGTGTGGCCGAT-3′
Reverse 5′-AACGACTTCCAGCGTTTCCT-3′

Human SOD2
Forward 5′-GGCCTACGTGAACAACCTGA-3′
Reverse 5′-GTTCTCCACCACCGTTAGGG-3′

Human GAPDH
Forward 5′-GCGACCTGGAAGTCCAACTA-3′
Reverse 5′-ATCTGCTGCATCTGCTTGG-3′

Human collagen I
Forward 5′-CCTCAAGAGAAGGCTCACGATGGTG-3′
Reverse 5′’-AGGTCTCACCAGTCTCCATGTTGCA-3′

Human collagen III
Forward 5′-GCTCTGCTTCATCCCACTATTA-3′
Reverse 5′-TGCGAGTCCTCCTACTGCTAC-3′

Human collagen IV
Forward 5′-CCAAGGAAGAGGTGGTGTGT-3′
Reverse 5′-GTGCTTCACCAGGAGGTAGC-3′
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Figure 1: Viability and proliferation of human vocal fold fibroblasts (hVFFs) after tert-butyl hydroperoxide (tBHP) treatment and coculture
with tonsil-derived mesenchymal stem cells (TMSCs). (a) Cell viability was significantly decreased following treatment with tBHP in a
dose-dependent manner. (b) Of the different hVFF : TMSC ratios examined, 1 : 0.5 ratio exhibited significant recovery of cell viability.
(c) Representative flow cytometry results and integrated proportion for EdU+ proliferating cells. Results are 3 technical replicates of TMSC
from one donor. Representative results from two different TMSCs with similar tendency were presented. For multigroup comparison,
ANOVA followed by the Bonferroni post hoc test was used for statistics. Results are shown as the mean ± SD. ∗P < 0:05, ∗∗∗P < 0:001.
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(hVFFs : TMSCs) of 1 : 0.5 was selected for the subsequent
analyses because it demonstrated significant protective
effects for cell viability (Figure 1(b)). We next investigated
the impact of tBHP and TMSCs on proliferative capacity of
hVFFs in an established setting using the EdU incorporation
assay. In line with CCK-8 assay results, 300μM of tBHP sig-
nificantly reduced the cell proliferation rate in exposed cells,
while coculture with TMSCs could rescue the phenomenon.
The EdU+ cell proportion was declined upon tBHP treatment
from 46% to 26% and further restored by TMSC coculture up
to 40% (Figure 1(c)).

3.2. TMSCs Reduced ROS Production in hVFFs Induced by
tBHP Treatment. To determine the level of ROS production
in hVFFs following induction of oxidative stress as well as
the regulation of ROS production by TMSCs, DCFDA arrays

were performed. Our results reveal that the level of ROS was
significantly increased in hVFFs after tBHP treatment.
However, coculturing with TMSC effectively inhibited the
tBHP-mediated ROS production (Figure 2(a)). Further, the
expression of intracellular MDAwas found to be significantly
increased in tBHP-treated hVFFs; however, coculturing with
TMSC served to significantly reduce intracellular levels of
MDA (Figure 2(b)).

3.3. TMSCs Partially Restored the Production of Antioxidant
Enzymes in hVFFs Exposed to Oxidative Stress. We next
investigated whether the endogenous activity of antioxidant
enzymes in hVFFs was affected by tBHP and TMSCs could
restore this change. We found that while the activity of super-
oxide dismutase (SOD) and catalase and the expression of
glutathione peroxidase (GPX) and glutathione (GSH) were

⁎ ⁎

Fl
uo

re
sc

en
ce

 in
te

ns
ity

1000

800

600

400

200

0
Control tBHP tBHP+TMSC

(a)

⁎⁎⁎ ⁎⁎⁎4

3

2

1

0
Control tBHP tBHP+TMSC

M
D

A
 (𝜇

M
)

(b)

Figure 2: Analysis of ROS production and expression of MDA following treatment with tBHP. (a) The fluorescence intensity in the DCFDA
array increased following treatment of hVFFs with tBHP. After coculturing with TMSC, tBHP-treated hVFFs exhibited significantly
decreased fluorescence intensity levels. (b) MDA was significantly increased in tBHP-treated hVFFs, while coculture with TMSCs
significantly decreased MDA levels. Results are 3 technical replicates of TMSC from one donor. Representative results from two different
TMSCs with similar tendency were presented. For multigroup comparison, ANOVA followed by the Bonferroni post hoc test was used for
statistics. Results are shown as the mean ± SD. ∗P < 0:05, ∗∗∗P < 0:001.
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Figure 3: The dynamic changes in activity and expression of malondialdehyde (MDA) and other antioxidant enzymes. (a–d) The activity and
expression of various antioxidant enzymes including superoxide dismutase (SOD), catalase, glutathione peroxidase (GPX), and glutathione
(GSH) in hVFFs were significantly increased following treatment with tBHP and partially restored after coculture with TMSC. (e) qRT-
PCR results showing that the HO1 mRNA level in TMSCs was upregulated upon tBHP treatment. No significant change in SOD1 and
SOD2 transcript levels was observed. Results are 3 technical replicates of TMSC from one donor. Representative results from two different
TMSCs with similar tendency were presented. For multigroup comparison, ANOVA followed by the Bonferroni post hoc test was used for
statistics. Results are shown as the mean ± SD. ∗P < 0:05 and ∗∗∗P < 0:001.
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significantly decreased after tBHP treatment, coculturing of
tBHP-treated hVFFs with TMSCs resulted in partial restora-
tion (Figures 3(a)–3(d)). Since oxidative stress can also influ-
ence the antioxidant capacity of TMSCs by regulating the
production of related enzymes, we treated tBHP to TMSCs
and evaluated the transcriptome levels of reported antioxi-
dant enzymes in TMSCs using qRT-PCR. It is revealed that
tBHP could induce an approximately 4.5-fold increase in
heme oxygenase1 (HO1) gene transcription in TMSCs com-
pared with the control, implying that antioxidative function
of TMSCs can be enhanced under oxidative stress condition
(Figure 3(e)).

3.4. TMSCs Reduce the Production of Inflammatory Cytokines
in hVFFs Exposed to Oxidative Stress. To determine whether
the inflammatory response is affected by oxidative stress, we
quantified the level of representative inflammatory cytokines
from hVFFs after treatment with tBHP in the presence or
absence of TMSCs. Our results show that within the culture
supernatant, the concentration of IL-1β and TNF-α was sig-
nificantly increased in tBHP-treated hVFFs yet was decreased
in TMSC cocultured cells (Figure 4).

3.5. TMSCs Partially Counteracts the Inhibitory Effect
Induced by Oxidative Stress on the Expression and Activity
of Extracellular Matrix and Matrix Metalloproteinase. Since
abnormal accumulation of ECM often leads to pathologic
damages and fibrosis, we next explored the endogenous
ECM production level in hVFFs after induction of oxidative
stress. We first evaluated the expression changes in various
collagen subtypes using qRT-PCR.We found that the relative
mRNA expression of collagens I, III, and IV was significantly
upregulated following treatment with tBHP. Of interest,
coculture with TMSCs resulted in partial reduction in the
expression of all collagen subtypes (Figures 5(a)–5(c)).
These phenomena were confirmed by immunocytochemistry
showing that fluorescence intensity of collagen proteins in
hVFFs was increased by tBHP treatment, while TMSCs could

partially reverse the upregulation of collagens (Figures 5(d)
and 5(e)). To investigate the underlying mechanisms for
the ECM reduction, the activity of MMPs, major responsible
enzymes for ECM degradation, was determined in culture
supernatant of hVFFs collected from designated experi-
mental settings. It is noted that oxidative stress induced
by tBHP treatment seemed to inhibit MMP activity of hVFFs
(Figure 5(f)). We also found clear evidence of TMSC protec-
tion against oxidative stress in terms of MMP activity resto-
ration; indeed, hVFFs cocultured with TMSCs for 24 hours
before tBHP treatment could maintain a higher level of
MMP activity, leading to decreased accumulation of colla-
gens compared with controls. The results from the additional
MMP activity assay revealed that treatment with tBHP
slightly suppressed the activity of MMP 1 compared to the
control and strongly inhibited those of MMPs 8, 2, and 9
(Figures 6(a)–6(d)). Interestingly, the activities of all MMPs
were partially restored following coculture with TMSCs
(Figures 6(a)–6(d)).

4. Discussion

Oxidative stress is involved in various diseases such as can-
cer, inflammatory conditions, neurodegenerative diseases,
aging, and diabetes. In the field of laryngology, studies have
reported on the relationship between oxidative stress and
vocal fold scarring as well as aging vocal folds. Specifically,
ROS have been shown to be significantly upregulated during
the early stage of vocal fold wound healing [6]. Alternatively,
treatment with astaxanthin, a strong antioxidant, induced
significant upregulation in the expression of procollagen
and fibroblast growth factor (FGF) within the lamina pro-
pria on the first day after injury in a rat model of vocal
fold injury [21]. These results suggest that astaxanthin
may function to prevent vocal fold scarring by regulating
oxidative stress during the early phase of vocal fold wound
healing [21].

⁎⁎⁎ ⁎⁎⁎
20
18
16

14
12

10

8
6

4
2

0
Control tBHP tBHP+TMSC

IL
-1
𝛽

 (p
g/

m
l)

⁎⁎⁎ ⁎

20
18
16

14
12

10

8
6

4
2

0
Control tBHP tBHP+TMSC

TN
F-
𝛼

 (p
g/

m
l)

Figure 4: The dynamic changes in expression of inflammatory cytokines during oxidative stress responses. The expression of the
representative inflammatory cytokines, IL-1β and TNF-α, was found to be significantly upregulated in tBHP-treated hVFFs yet
downregulated following coculture with TMSC. Results are 3 technical replicates of TMSC from one donor. Representative results from two
different TMSCs with similar tendency were presented. For multigroup comparison, ANOVA followed by the Bonferroni post hoc test was
used for statistics. Results are shown as themean ± SD. ∗P < 0:05, ∗∗∗ < 0:001.
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Figure 5: Continued.
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Oxidative stress has also been found to be associated with
aging in many tissues, and thus, aging of vocal folds, which
causes dysphonia, may also be associated with ROS produc-
tion. Further, the administration of astaxanthin may serve
to attenuate the age-associated reduction in hyaluronic acid
(HA) deposition in the lamina propria and the expression
of HGF and bFGF [22]. Moreover, Mizuta et al. suggested
that astaxanthin has the potential to prevent age-associated
changes in human voices [22]. Smoking is also a well-
described etiological factor for both Reinke’s edema and
laryngeal cancer. Branski et al. reported that cigarette smoke
condensate caused an increase in intracellular ROS within
hVFFs, while decreasing the proliferative capacity and migra-
tion of these cells in a dose-dependent manner [23]. Thus, it
was postulated that ROS generation contributed to the path-
ogenesis associated with Reinke’s edema.

Oxidative stress has been described as a contributing
factor to the pathogenesis of various laryngeal conditions
including vocal fold scarring, aging vocal folds, and Rein-
ke’s edema. Excessive accumulation of ROS and other free
radicals can induce oxidative stress in tissues. Accumula-
tion of intracellular ROS binds to lipids and proteins and
reduces the viability of cells. In this study, oxidative stress
induced by tBHP also increased the production of ROS
and MDA in hVFFs. In addition, tBHP caused a decrease
in the expression of antioxidative molecules, namely, SOD,
catalase, GPX, and GSH, and reduced the viability of hVFFs.
However, coculturing with TMSCs acted to decrease produc-

tion of ROS andMDA, while increasing expression of antiox-
idative enzymes and improving the viability of hVFFs. These
findings suggest that TMSCs exhibit cytoprotective effects
against oxidative stress, which agree with results from previ-
ous studies that reported bonemarrow stromal cells (BMSCs)
exhibiting increased expression of antioxidant molecules and
resistance to ROS [24].

Oxidative stress is strongly associated with inflammation
primarily caused by the activation of oxidative radicals which
stimulate production of inflammatory chemokines, such as
TNF-α, IL-1β, IL-6, and IL-8 [25]. Increased expression of
inflammatory chemokines induces changes in ECM constitu-
ents and increases tissue fibrosis. In the current study, treat-
ment with tBHP resulted in increased secretion of TNF-α
and IL-1, increased expression of collagens III and IV, and
decreased activity of MMPs 1, 2, 8, and 9. However, cocultur-
ing with TMSCs served to downregulate the expression of
TNF-α and IL-1, as well as of collagens III and IV. Moreover,
the activity of MMPs 1, 2, 8, and 9 increased when cocultured
with TMSCs prior to tBHP treatment. These findings suggest
that oxidative stress increases the secretion of inflammatory
cytokines and negatively affects the production and degrada-
tion of different ECM components and thus may be the cause
of the observed changes within the ECM in vocal fold scar-
ring and aging vocal folds. Alternatively, TMSCs function
to inhibit the secretion of inflammatory cytokines and coun-
teract the oxidative stress-induced effects on ECM compo-
nent degradation and production.
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Figure 5: Dynamic changes in expression of extracellular matrix-(ECM-) related genes. (a–c) Relative mRNA expression of collagens I, III,
and IV was determined to be significantly upregulated following tBHP treatment. Coculturing with TMSCs served to downregulate the
expression of all collagen subtypes. (d, e) The representative immunofluorescence images for collagen staining (d). Images were quantified
by measuring fluorescence intensity (e). Similar to qRT-PCR results, oxidative stress enhanced collagen expression in hVFFs while TMSC
counteracted tBHP’s impact. (f) MMP activity assay results showing that decreased MMP activity in tBHP-treated hVFFs was significantly
restored after coculturing with TMSCs. Results are 3 technical replicates of TMSC from one donor. Representative results from two
different TMSCs with similar tendency were presented. For multigroup comparison, ANOVA followed by the Bonferroni post hoc test
was used for statistics. Results are shown as the mean ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Specific ECM-related genes have been found to be differ-
entially expressed in vocal fold scars of rats. Specifically, both
collagen I and fibronectin have been found to be upregulated
and HA downregulated [26]. Similarly, within aging vocal
folds, the changes in ECM within the lamina propria layer
have been associated with increased levels of collagen I, colla-
gen III, MMP 1, and MMP 8 and decreased HA and elastin
[27, 28]. Similarly, within our study, we have shown that
the proliferative capacity of hVFFs and the expression of
ECM-related genes were negatively impacted following expo-
sure to oxidative stress. Specifically, the expression of colla-
gens I, III, and IV was increased, while elastin remained
unchanged. Although these changes in ECM-related genes
within hVFFs were not ultimately consistent with changes
observed in ECM of actual vocal fold scars or aging, similar-
ities were observed, suggesting that oxidative stress may con-
tribute to development of changes within ECM in aging vocal
folds or vocal fold scarring. One might envision that this
ECM-regulating ability of TMSCs might be beneficial for

the wound healing process. In our previous study, we demon-
strated regenerative potential of TMSCs in wound healing
through the regulation on inflammation, proliferation, and
remodeling of various skin cells [14]. In the study, TMSCs
enhanced proliferation of skin fibroblasts and keratinocytes
while suppressing the differentiation of fibroblasts into myo-
fibroblasts. In the current study, MDA was found to be
increased following exposure to oxidative stress, and TMSCs
served to increase the proliferative capacity of hVFFs and
collagen I expression in fibroblasts. These findings suggest
that TMSCs improve wound healing by functioning as an
effective antioxidant agent. These results are consistent with
other studies that have reported an antioxidant function for
MSC [16, 17, 29]. Specifically, Cui et al. reported that bone
marrow MSCs ameliorate oxidative stress, inhibit inflamma-
tion, and promote secretion of neurotrophins thereby provid-
ing protective effects for retina ganglion cell-5, by suppressing
H2O2-induced cell damage [29]. Furthermore, Wang et al.
reported that human amnion-derived MSCs exhibit a strong

8000

6000

4000

2000

0

⁎ ⁎⁎

M
M

P 
1 

ac
tiv

at
io

n 
(4

90
/5

25
 n

m
)

Control tBHP tBHP+TMSC

(a)

5000

4000

3000

1000

0

⁎⁎⁎

2000

M
M

P 
8 

ac
tiv

at
io

n 
(4

90
/5

25
 n

m
)

Control tBHP tBHP+TMSC

(b)

5000

4000

3000

1000

0

⁎⁎⁎

2000

M
M

P 
2 

ac
tiv

at
io

n 
(4

90
/5

25
 n

m
)

Control tBHP tBHP+TMSC

(c)

3000

2500

2000

500

0

⁎⁎⁎

1000

1500

M
M

P 
9 

ac
tiv

at
io

n 
(4

90
/5

25
 n

m
)

Control tBHP tBHP+TMSC

(d)

Figure 6: Matrix metalloproteinase (MMP) activity assay. (a–d) Treatment with tBHP slightly suppressed the activity of MMP 1 and strongly
inhibited those of MMPs 8, 2, and 9. The activities of all MMPs were significantly restored after coculturing with TMSCs. Results are 3
technical replicates of TMSC from one donor. Representative results from two different TMSCs with similar tendency were presented. For
multigroup comparison, ANOVA followed by the Bonferroni post hoc test was used for statistics. Results are shown as the mean ± SD.
∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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potential for treating oxidative stress-mediated bone defi-
ciency via activation of the ERK1/2 MAPK signal transduc-
tion pathway [17]. We have also shown that TMSCs elicit an
antioxidant effect that serves to counteract the oxidative
stress-induced reduction in hVFF proliferation and changes
in the expression of ECM-related genes. The antioxidant
function of TMSC is postulated to be associated with
improved wound healing and preventing accumulation of
scar tissue.

5. Conclusions

Oxidative stress caused by tBHP increases inflammatory cyto-
kines, reduces expression of antioxidant enzymes, and induces
changes in ECM components in hVFFs. These changes are
consistent with the phenotypes observed in both aging vocal
folds and vocal fold scarring. However, TMSCs exhibit a strong
antioxidant capacity that counteracts the effects induced by
oxidative stress in hVFFs. Further research is needed to
identify genes, miRNAs, or proteins that are associated with
the observed antioxidant and antiaging function of TMSCs.
This research would, therefore, inform the development of
effective technologies in the field of regenerative medicine.
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