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Abstract

Background—The purpose of this study was to evaluate in vitro cytotoxicity and antifibrotic

effects of mitomycin C on normal and scarred human vocal fold fibroblasts.

Methods—Fibroblasts were subjected to mitomycin C treatment at 0.2, 0.5, or 1 mg/mL, or

serum control. Cytotoxicity, immunocytochemistry, and Western blot for collagen I/III were

performed at days 0, 1, 3, and 5.

Results—Significant decreases in live cells were measured for mitomycin C-treated cells on

days 3 and 5 for all doses. Extracellular staining of collagen I/III was observed in mitomycin C-

treated cells across all doses and times. Extracellular staining suggests apoptosis with necrosis,

compromising the integrity of cell membranes and release of cytosolic proteins into the

extracellular environment. Western blot indicates inhibition of collagen at all doses except 0.2

mg/mL at day 1.

Conclusion—A total of 0.2 mg/mL mitomycin C may provide initial and transient stimulation of

collagen for necessary repair to damaged tissue without the long-term risk of fibrosis.
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Introduction

Mitomycin C is a natural compound isolated from gram-negative bacteria Streptomyces

caespitosus.1 Because of the alkylating ability in its reduced state, mitomycin C can form
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carbonium ions that cross-link double-stranded DNA at adenosine and guanine during late

G1 or S phases preventing DNA strands from separating during their replication, thus

halting mitosis. Mitomycin C also binds to the promoter sites of inducible genes to suppress

cellular RNA and protein synthesis.1 With these multiple properties, mitomycin C is widely

used as antibacterial antibiotic and chemotherapeutic drugs to modulate cell replication and

protein synthesis for disease control.2–4 Use of mitomycin C has recently been explored as

an antifibrotic drug to control postoperative scarring, particularly for circular structures of

organs such as the eye and airway.5–9

Scarring is an unpredictable, dynamic, and undesired byproduct of surgical, radiation-

induced, thermal, or any other injury that results in detrimental changes in tissue

viscoelasticity and physiology. The scarring response to injury includes proliferation of

fibroblasts and their excessive secretion of collagen matrix proteins into the wound site,

resulting in the formation of fibrosis, clinically recognized as a scar. In the airway,

postoperative scarring can compromise an individual's breathing, swallowing, and

communication. Mitomycin C has been studied in vivo and clinically for various fibrotic

diseases in the airway, such as glottis and subglottic stenosis as well as tracheal and

esophageal conditions.6,7,10–14 Mitomycin C has been shown to have antifibrotic functions

in the airway through the inhibition of fibroblast proliferation and inhibition of their

collagen synthesis.15–19 In the airway literature, mitomycin C has been used in a wide range

of doses (range, 0.1–1.0 mg/mL), exposure durations (range, 2–5 minutes), and frequencies

(a single dose to 4 reapplications).7 Benefits of mitomycin C topical application in reducing

scar formation have been reported empirically. The effectiveness of topical mitomycin C

application in the prevention of anterior glottis stenosis after microre-section of anterior

commissure carcinomas has been evaluated in a noncontrolled, nonrandomized study.14

After surgery, 33% of patients developed acceptably small webs in the anterior glottis that

had no influence on the voice quality. Vocal fold atrophies were not observed. In a

prospective randomized double-blind placebo-controlled study, a single versus double

topical application of mitomycin C was compared for effectiveness in reducing scarring or

restenosis of the airway in patients with laryngotracheal stenosis after endoscopic CO2 laser

and dilation procedures.6 The dose and application time of mitomycin C was 0.5 mg/mL and

5 minutes, respectively. The 2-application group showed longer relapse rate of airway

stenosis than the single-application group. Authors suggested that mitomycin C may delay

but does not necessarily prevent the recurrence of stenosis. Animal studies including

canines,20–24 rabbits,25 and swine26,27 also showed the improvement of airway wound

healing after mitomycin C application. Specific to the management of vocal fold scarring,

topical application of mitomycin C has been shown to lead to (1) reduced anterior glottic

web formation, (2) decreased total collagen deposition, (3) improved cricoarytenoid joint

mobility, and (4) decreased granulation tissue development.6,7

The risk and benefit ratio of mitomycin C application remains a concern in clinical practice.

Mitomycin C has been shown to be toxic through the generation of oxygen radicals28 and

the induction of apoptosis.29,30 Apoptotic cells release inflammatory mediators, such as

tumor necrosis factor and high mobility group box 1 that amplify or trigger inflammation

causing prolonged tissue damage.31–33 In the airway literature, both clinical and animal

studies have demonstrated possible risks with the use of mitomycin C. In a retrospective
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study, 5% of patients who underwent airway dilation procedures were reported to have

fibrinous debris accumulated at the mitomycin C application site and causing airway

obstruction.34 This complication was even more pronounced in pediatric patients who have

smaller airways.17 Use of mitomycin C may also call for carcinogenic caution because of its

alkylating property. In a case report, a nonsmoking patient who was treated with repeated

application of topical mitomycin C to the larynx for an anterior glottis web, developed

laryngeal cancer 2.5 years after mitomycin C treatment.35 Animal studies suggest that a high

concentration of mitomycin C could be a factor in the occurrence of adverse events. In a

rabbit study, a high dose of mitomycin C (1 mg/mL) or saline was topically applied to the

injured trachea. Early complications of mitomycin C were found in 45% of the animals

whose airways were obstructed by unresolved scabs at the mitomycin C-treated site, leading

to early death.36 The cross-sectional area of the lumen of the trachea was similar between

the mitomycin C-treated and saline-control wounds. Interestingly, re-epithelization was

significantly delayed in all mitomycin C-treated wounds. In a canine study, a single dose of

mitomycin C at 0.4 mg/mL was topically applied to the surgically injured vocal folds for 3

minutes.37 Four weeks after, the mucosal wave of the vocal folds was found to be impaired

on the mitomycin C-treated side of the vocal folds in 3 of the 6 dogs as examined by

videolaryngostroboscopy. Histologic evaluation demonstrated signs of atrophy and a

reduction in the number of fibroblasts on the mitomycin C-treated side compared to

controls. Conversely, low doses of mitomycin C may be ineffective in the prevention of scar

formation. In a randomized controlled trial, a single dose of 0.2 mg/mL mitomycin C or

isotonic sodium chloride was applied to children for 2 minutes after laryngotracheal

reconstruction in the prevention of postintubation stenosis.38 An interim analysis showed

that the size of granulation tissue was not different between the mitomycin C-treated and the

control groups. The study was prematurely terminated on the counsel of the Data Safety and

Monitoring Committee.

Collectively, an optimal dose of mitomycin C should allow the necessary repair process to

replace the lost tissue after injury but also be able to control scar formation and wound

contracture. The wide range of treatment doses, drug exposure duration, and application

methodologies in clinical practice and research studies yield conflicting outcomes and

uncertain risk benefit ratio for mitomycin C intervention. Specific to the vocal folds, there is

a paucity of data available regarding the toxicity of mitomycin C. More controlled in vitro

studies are needed to provide a better understanding of the mechanism of action of

mitomycin C in the modulation of vocal fold wound repair. The purpose of this study was to

evaluate in vitro cytotoxicity and antifibrotic effects of mitomycin C on fibroblasts isolated

from human normal and scarred vocal folds. Clinically relevant doses of mitomycin C were

tested. Results may provide insights into optimal mitomycin C application for the control of

postoperative vocal fold scarring.

Materials and Methods

Human vocal fold fibroblast cell cultures

Cytotoxicity and the antifibrotic effect of mitomycin C on human normal and scarred vocal

fold fibroblasts (nVFFs and sVFFs, respectively) were evaluated. Primary cultures of nVFF
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and sVFF were obtained from explants from normal and scarred human vocal fold tissue,

respectively. The normal human vocal fold specimen was harvested from an autopsy of a

21-year-old donor within 4 hours of death.39,40 The scarred human vocal fold specimen was

harvested during phonosurgery of removing the vocal fold scar from a 56-year-old female

patient.41 All tissue was received in compliance with the University of Wisconsin Madison

Institutional Review Board. To isolate and culture the cells, vocal fold lamina propria tissue

was cut into small pieces and re-suspended in Dulbecco's modified Eagle's medium

(DMEM) cell culture medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL

penicillin, 0.01 mg/mL streptomycin, and 1× nonessential amino acid (all materials were

from Sigma, St. Louis, MO). Cells were cultured at 37°C in a humidified 5% CO2

atmosphere. These cells were identified as fibroblasts using standard morphological and

immunohistochemical criteria.42 Full immortalization details and characterization of nVFF

is described in previous reports.39,40 All experiments described in this article were carried

out using immortalized nVFF and primary sVFF from passages P7 to P11.

Cytotoxity analysis

To quantitatively evaluate cytotoxicity of mitomycin C, viability of mitomycin C-treated

nVFF and sVFF was measured using Cytotox-Glo Cytotoxicity Assay (Promega,

Madison,WI). This assay uses sequential luminescent measures to detect both the dead and

live cell population in a sample through the use of a luminogenic peptide substrate (alanyl-

alanylphenylalanyl-aminoluciferin) to measure a dead-cell protease activity, which are

released from dead cells that have lost membrane integrity. The luminescent signal (relative

light unit) reflects the dead-cell protease level and is proportional to the number of dead

cells. Followed by a lysis procedure, the assay measures the total luminescence in the

sample and is proportional to the total population of cells. Viability, which is expressed in

percentage of live cells from the total cell population, can then be calculated from

subtracting the luminescent signal results from experimental cell death from total

luminescent values.

The nVFF and sVFF were seeded and incubated in 96-well plates at 10,000 cells/well with

DMEM-10% FBS for 48 hours to ensure cell adhesion and growth in the well. Cells were

then starved with serum-free DMEM for 24 hours. After starvation, cells were treated with

mitomycin C (0, 0.2, 0.5, 1.0 mg/mL) for 2 minutes, washed with serum-free DMEM 3

times, and then followed with incubation in serum-free DMEM. On days 0, 1, 3, and 5 of

culture, cell populations were monitored in quadruplicate for each condition using the

aforesaid Cytotox-Glo Cytotoxicity Assay in accord with the manufacturer's instructions. In

brief, 50 μL CytoTox-Glo assay reagent was added to each well. Plates were mixed briefly

by orbital shaking and incubated for 15 minutes at room temperature. Luminescent output

was read on a Flex Station III plate reader (Molecular Devices, Sunnyvale, CA). After

subtracting the background of negative control (serum free-DMEM only without cells), the

relative dead cell number was calculated. Subsequently, 50 μL of digitonin lysis agent was

added to all wells. Plates were mixed briefly by orbital shaking and incubated for 15 minutes

at room temperature and scanned by a plate-reader. Relative total cell population was

calculated after subtracting the background control. Percentage of live cells was calculated
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as (relative total cell population – relative dead cell population)/relative total cell population

× 100.

Immunocytochemistry

Spatial localization of collagen I and III in mitomycin C-treated vocal fold fibroblasts was

assessed using immunofluorescent staining. The nVFF and sVFF were seeded into sterile

Permanox 8-chamber slides (Lab-Tek, Thermo Fisher Scientific, Rochester, NY) at a

density of 5 × 104 cells per cm2 in DMEM-10% FBS. Cells were incubated until 100%

confluence was reached (approximately 4 days). Cells were then starved with serum-free

DMEM for 24 hours. After starvation, cells were treated with mitomycin C (0, 0.2, 0.5, 1.0

mg/mL) for 2 minutes and then washed with serum-free DMEM 3 times. Cells were

incubated in serum-free DMEM for 1, 3, or 5 days. After incubation, cells were washed 3

times with ice-cold phosphate-buffered saline (PBS) for 15 minutes each. Cells were then

fixed with 4% paraformaldehyde for 15 minutes at room temperature, washed 3 times with

PBS for 10 minutes each, and permeabilized for 60 minutes in 0.5% Triton X-100 (Sigma,

St Louis, MO). After permeabilization, cells were incubated with 5% normal goat serum for

60 minutes, with the primary antibodies directly against rabbit polyclonal antihuman

collagen I and III (ab34710 for collagen I and ab7778 for collagen III; Abcam, Cambridge,

MA) both in 1:1000 dilution for 90 minutes and corresponding fluorescence-conjugated

(Alexa 488 and 568; A11008 and A11011 from Invitrogen, Carlsbad, CA) secondary

antibodies for 60 minutes. Cells were then washed 3 times with 0.1% phosphate-buffered

saline Tween for 10 minutes. Chambers and gaskets were carefully removed and the slides

were mounted with VECTASHIELD Mounting Medium with diamidino-phenylindole

(DAPI; Vector Lab, Burlingame, CA) to preserve fluorescence and to label cell nuclei.

Negative control cells were processed identically without application of primary antibodies.

Mounted slides were examined on a Nikon Eclipse E600 fluorescent microscope (Nikon,

Melville, NY) and images were captured on a Pixera color camera (Pixera, Los Gatos, CA).

A supplementary experiment was carried out to confirm if the localization of the collagen

staining was extracellular or intracellular. The sVFF was treated with mitomycin C and

incubated in serum-free DMEM for the duration, as aforementioned. Only the mitomycin C

dose of 0 and 1.0 mg/mL were included in this validation experiment. The aforesaid staining

procedures were performed, except the cells were subjected to either the permeabilization

buffer or not.

Preparation of cell culture lysates for Western blot

The nVFF and sVFF were seeded into 100-mm polysty-rene plastic plates in DMEM with

10% FBS and were grown in a 37°C incubator with 5% CO2 until 100% confluence was

reached. Cells were then starved with serum-free DMEM for 24 hours. After starvation,

cells were treated with mitomycin C (0, 0.2, 0.5, 1.0 mg/mL) for 2 minutes and then washed

with serum-free DMEM 3 times. Cells were incubated in serum-free DMEM for 1, 3, or 5

days. At the end of incubation, cells were washed with PBS and trypsinized. Live cells in

each plate were counted using trypan blue. Total cell protein was then extracted by using the

M-Per protein extraction kit (Pierce, Rockford, IL) in accord with the manufacturer's

instructions. Protein concentration was measured using BCA protein assay (Thermo
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Scientific, Rockford, IL) in duplicates. Protein aliquots were stored at −80°C for

downstream Western blot analysis.

Western blot

For each protein sample, concentration of collagen I and III were measured using Western

blots. Total protein (30 μg for collagen I and 50 μg for collagen III) was subjected to

standard denaturing precast NuPAGE 4% to 12% Bis-Tris gel electrophoresis (Invitrogen)

using NuPAGE MOPS SDS buffer. Proteins were then transferred onto nitrocellulose

membranes using an XCELL II Blot Module (Invitrogen) and blocked using Invitrogen

blocking buffer overnight at 4°C. Membranes were probed for rabbit polyclonal antihuman

collagen I (ab292, 1:500 dilution; Abcam) or mouse-monoclonal antihuman collagen III

(ab6310, 1:167 dilution; Abcam) for 1 hour at room temperature. MagicMark XP Western

protein standard (Invitrogen, Carlsbad, CA) was used to validate bands in the range of 20 to

220 kDa. Bound antibodies on the nitrocellulose membrane were detected using the

WesternBreeze antirabbit or antimouse chemiluminescent kit (Invitrogen) for collagen I and

collagen III, respectively. Chemiluminescent signal was captured by a charge-coupled

digital camera system (LAS-4000m Fuji-film, Japan). The next day, membranes were

incubated either with rabbit polyclonal antihuman GAPDH (ab9485, 1:1,000 dilution;

Abcam) for the collagen I membrane, or with mouse monoclonal antihuman glyceraldehyde

3-phosphate dehydrogenase (GAPDH; G8173, 1:50,000 dilution; Invitrogen) for the

collagen III membrane. Same signal detection and capture procedures for GAPDH loading

controls were performed as aforesaid. Relative densities of the bands were measured using

ImageJ analysis software (http://rsb.info.nih.gov/ij) and normalized to the respective band

density of GAPDH loading control and the number of live cells.

Statistical analysis

Three-way analysis of variance was used to test the differences in the percentage of live

cells' time points, mitomycin C dose, and cell type. If F-tests revealed significant

differences, post-hoc pairwise comparisons using Fisher protected least squares difference

were carried out. An α-level of 0.05 was used for all post-hoc comparisons.

Results

Mitomycin C cytotoxity

Cell viability was evaluated by determining the percentage of live cell using cytotoxity

assays (Figure 1). No significant differences in cell viability were noted for the serum

control group (0 mg/mL) throughout the period. No significant dose effects were noted for

either nVFF or sVFF at each time point. After averaging the data from the 3 dose groups at

each time point, the mean (SD) percentage of live nVFF cells was estimated to be 78%

(±1.8), 63% (±5.4), and 40% (±12.8) of the total cell population at days 1, 3, and 5,

respectively. For sVFF, the mean (SD) percentage of live cells was estimated to be 65%

(±4.6), 47% (±7.8), and 31% (±7.9) of the total cell population at days 1, 3, and 5,

respectively. Compared to day 0, cell viability in mitomycin C-treated sVFF and nVFF

cultures decreased significantly from day 3 and day 5, respectively (p < .0001; Figure 1). In

addition, compared to the control group, cell viability in both mitomycin C-treated nVFF
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and sVFF cultures decreased significantly in all doses at both days 3 and 5 (p < .0001;

Figure 1).

Collagen I and III expression

Immunofluorscence staining—Immunofluorescence indicated differentiated collagen

distribution between control and mitomycin C-treated groups (Figures 2 and 3). Collagen

staining was observed around cell nuclei in the control group, whereas a more spreading and

web-like pattern sprouting from cell nuclei was observed in all mitomycin C-treatment

groups. Such patterns were consistent across doses, cell types, and time points. A validation

experiment was carried out to determine if the collagen distribution was intracellular or

extracellular (Figure 4). Cells were exposed to either with or without permeabilization buffer

before staining. In comparing the controls under the two permeabilization conditions

(Figures 4A, 4E, 4I, and 4M), a spreading collagen web was observed in the

nonpermeabilization but not the permeabilization group. The cell membranes were expected

to remain intact in the absence of permeabilization and thus the distinctive web-like pattern

seen was likely because of the secreted collagen being precipitated into the extracellular

space. For all mitomycin C-treated groups, similar web-like collagen staining patterns were

observed in both permeabilization conditions. A bright fluorescent purplish or pinkish DAPI

stain was also observed qualitatively in mitomycin C-treated groups (Figures 4G, 4H, 4K,

4L, 4O, and 4P) compared with the control groups.

Western blotting

In certain dose and time conditions (0.5 mg/mL of sVFF at day 3 and all treatment doses of

both cultures at day 5), the amount of total protein extracted was insufficient for running any

single Western blot lanes secondary to the significant reduction in cell viability. Western

blots (Figures 5 and 6) of collagen type I and III were thus performed for days 1 and 3 only.

For these 2 time points, mitomycin C showed modulation of collagen types I and III

expression in both nVFF and sVFF. Dose-dependent treatment with mitomycin C

downregulated collagen type I and III in sVFF and nVFF in a linear manner within the same

time period. The effective dose for nVFF to decrease collagen type I was not reached until

1.0 mg/mL at days 1 and 3 (Figures 5C and 5D), as this was the first mitomycin C dose in

which collagen type I production decreased by more than half compared to no-treatment

controls (Figure 5C vs 5D). Expression of collagen III in mitomycin C-treated nVFF at day

3 was qualitatively higher than day 1 (Figure 6C vs 6D) across doses, whereas comparable

mitomycin C effects were not seen in both collagen type I and III production for sVFF. Last,

for both time points, a qualitative increase at the 0.2 mg/mL dose was measured for collagen

type I from nVFF and collagen type III from sVFF compared to no-treatment controls.

Discussion

Wound healing is an innate tissue response to injuries with the primary intention to restore

normal architecture and function of the damaged or lost tissue. The response to injury

triggers a highly complex acute inflammation and healing response. During wound healing,

immune and repair cells (eg, neutrophils, macrophages, fibroblasts) and signaling molecules

(eg, inflammatory cytokines, growth factors) locate damage tissue, eliminate necrotic cells
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and debris, and produce extracellular matrix (ECM) substances for eventual tissue

repair.43–48 Antifibrotic agents are designed to target fibroblasts and collagen production

with the purpose of minimizing postoperative scarring risk in order to make the surgery

safer and more successful. An ideal drug for tissue healing would be to accelerate the repair

process while minimizing the risk of long-term fibrosis.

Mitomycin C has been used as an antifibrotic drug clinically in surgery of laryngotracheal

stenosis. Use of mitomycin C has, however, accounted for adverse effects, including healing

delays, mucosal atrophy, and cell toxicity.37 Optimizing the parameters of mitomycin C

delivery, including its concentration, exposure duration, delivery method, and timing of

application have been researched in many other tissue types but not systematically in the

vocal folds.15,16,29,49–53 Fibroblasts from different tissues can produce dissimilar ratios of

collagens and respond uniquely to the signaling molecules.54 A better understanding of the

mitomycin C effects on the actual tissue involved is necessary to optimize the parameters for

drug delivery.

In the current study, cell culture experiments using human vocal fold fibroblasts were used

to better define the effects of mitomycin C concentration on cytotoxity and collagen

production. Vocal fold fibroblasts are the dominant cell types in healthy vocal fold mucosa

and are attracted to the wound site after injury.55 Vocal fold fibroblasts produce essential

ECM proteins including hyaluronan, fibronectin, and collagen forming the interstitial matrix

to maintain vocal fold structure and function.56 Type I and type III collagen are major

structural proteins in vocal fold mucosa. Collagen type III fibers were found more wavy and

thicker than type I fibers in human vocal folds.57 Collagen type III fibers were suggested for

maintaining lamina propria structure, whereas collagen type I were for providing tensile

strength around the basement membrane zone of the vocal folds. Excessive and disorganized

collagen deposition is one hallmark of postoperative vocal fold scarring,56,58 resulting in an

increase of the stiffness of the vocal fold mucosa, affecting the propagation of normal

mucosal wave, and, in turn, causing impairments of vocal fold vibration for proper voice

quality. In normal vocal folds, there is more collagen type I than type III but the ratio is

reversed in scarred vocal folds.57,59–63 Upon surgical injury, levels of both collagen types

are elevated initially in the vocal folds. Starting from day 7, collagen type I expression

declines but collagen type III stays elevated throughout the later tissue remodeling

process.60–63 Our results showed that both nVFF and sVFF produced less collagen type I at

the later time points than the earliest across all mitomycin C doses, which corroborated in

the aforesaid postinjury healing response. An ideal antifibrotic agent is thus able to modify

fibroblast activities for specific collagen-type secretion thereby reducing excessive scar

formation while allowing normal healing.

Mitomycin C reduces collagen production of fibroblasts by interacting with both nuclear

DNA and ribosomal RNA of the cells.64 mitomycin C forms cross-links to the double-

stranded DNA, arrests the cell cycle, and slows fibroblast proliferation.65 Unfortunately,

mitomycin C can also induce cell death via apoptosis and necrosis depending on the dose

and exposure time.15,30,53,65–67 In the present study, doses of 0.2 mg/mL, 0.5 mg/mL, or 1.0

mg/mL mitomycin C were applied to nVFF and sVFF for 2 minutes. A significant reduction

of cell viability was observed in mitomycin C–treated sVFF and nVFF from day 3 and day 5

Li et al. Page 8

Head Neck. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



compared to serum controls. Dose-response effect was not statistically significant in the

range of doses tested in this study. Signs of apoptosis were also observed in the aforesaid

time points as observed from the immunocytochemistry (ICC). Oxidative stress has been

reported to account for 22% of the observed cell death at 5 minutes of 0.4 mg/mL

mitomycin C application to mouse lens epithelial cells.66 In this study, apoptosis increased

cell membrane permeability and uptake of DAPI, leaving a strong purplish or pinkish stain.

Secondary necrosis was evident such that the necrotic cells lost membrane integrity and the

intracellular collagen was leaked out from the cytoplasm, as indicated by the distinctive

collagen web patterning.

Our results suggest that a concentration of mitomycin C as low as 0.2 mg/mL could cause

cytotoxicity in both nVFF and sVFF through apoptosis and secondary necrosis. Compared to

other studies, visible focal necrosis and disintegration was observed in human nasal mucosa

fibro-blasts immediately after a 5-minute exposure of mitomycin C at 0.4 mg/mL.15 A 4-

minute exposure of 4 mg/mL mitomycin C application caused a rapid cell death of human

dermal fibroblasts.67 The dose of 0.4 mg/mL or 0.04 mg/mL resulted in a decreased cell

proliferation but no rapid cell death as seen in the dose of 4 mg/mL. These results suggested

that the cytotoxicity effect of mitomycin C seem to be tissue-specific, even though the target

cells were all fibroblasts.

Our results of collagen expression were normalized to the number of live cells and, thus, the

change of the collagen expression was by means of mitomycin C effects on RNA and not

cell number. rRNA constitutes 71% of total cellular RNA in eukaryotes and has G/C-rich

region of nuclear DNA for preferred mitomycin C cross-linking.64 Thus, rRNA is the other

potential nucleic acid target of mitomycin C in addition to nuclear DNA. Several other

studies also showed that mitomycin C interacted with rRNA as the other mechanism of

inhibiting protein production.54,64,68 For instance, in vitro polymer-ase chain reaction and

gel-shift experiments have shown that transcript levels of rRNA decreases by 1.5-fold after

mitomycin C treatments within 30 minutes, leading to deficient ribosomal formation or

function as well as genome-wide translational inhibition for cell growth and protein

synthesis.64

Specific to collagen production, our study demonstrated that at a 0.2 mg/mL dose of

mitomycin C, expression of collagen type I was elevated in nVFF at day 1 but then

decreased at day 3 compared to the serum controls. The same pattern of collagen type III

expression was seen for sVFF. This transient increase of collagen secretion may be

favorable for the necessary repair of lost collagen in injured tissue. The rapid decrease of

collagen type I expression may also be favorable in terms of minimizing the long-term risk

of fibrosis. The exact mechanism for the transient increase of collagen production at a 0.2

mg/mL dose observed is unclear and warrants further investigation. In addition, the

differentiated effects of mitomycin C on collagen type I and III expressions observed in this

study were not found in other mitomycin C reports. In one study of investigating tendon's

capsule fibroblasts, mitomycin C reduced both collagen types I and III to a similar degree.54

In another study, however, mitomycin C was found to reduce the production of collagen

type I significantly in tendon's capsule fibroblasts throughout the 48-day culture period.68
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Conversely, the production of collagen type III was significantly elevated at the start and

then decreased toward control levels during the remainder of the culture period.

An interesting finding of this study was that sVFF seem to be more sensitive than nVFF to

mitomycin C treatments for measures of cytotoxity and collagen production. Although these

two cell types showed similar morphology and contractile properties, sVFF have been

reported to have lower proliferative rates and higher a-smooth muscle actin expression than

nVFF. In addition, 15 ECM genes were differentially expressed between sVFF and nVFF.41

In the present study, the same culture medium was used for both cell types. Results indicated

that once the phenotype of fibroblasts changed from normal to scar during the disease

process, the phenotype and the intrinsic functions of the cells were still retained even after

being isolated from the native tissue environment. Developing immortalized cell lines of

sVFF is warranted for research to study the drug effects in the treatment of vocal fold

scarring. Another possible explanation of the observed difference between sVFF and nVFF

in their sensitivity to mitomycin C is that sVFFs were primary cells whereas nVFFs were

from immortalized cell lines. Primary cell lines and their immortalized counterparts have

been reported to have differentially expressed gene profiles of cell cycle control and

apoptosis.69–71 Immortalized cell lines showed a more expressive profile of cell cycle

proliferation and a suppressive profile of cell death compared to their primaries, making

immortalized cells more robust against a cell cycle inhibitor, such as mitomycin C in this

study. Further research is warranted to compare primary versus immortalized VFF in their

response of cell cycle control and apoptosis.

Normal wound healing involves 3 overlapping phrases: (1) inflammation, (2) matrix cell

migration and proliferation, and (3) scar remodeling and maturation. In upper airway wound

healing, fibroblasts proliferate and secrete collagen to the wound area within days after

injury.72 One would assume mitomycin C to be effective when fibroblasts are present in the

wound site. However, fibro-blasts are not present in a wound immediately during the acute

phase of inflammation. Thus, clinically, one would expect a better result of mitomycin C

intervention if the drug is applied during the cell proliferation phrase, such as within a week

after surgery instead of at the time of surgery or an immediate application after surgery as

this timing better represents when fibroblasts in the tissue are present and are in active

secretion of collagen. Further, we observed that the amount of collagen production was

effectively decreased in nVFF by half if high mitomycin C dose 1.0 mg/ml was used. The

effect was seen as early as 1 day after application. Clinicians, however, have to be cautious

that such rapid decrease of collagen production may be contraindicated for the necessary

restoration of the damaged tissue in the long term. The present work represents a necessary

first step in providing bench to bedside translation that would dictate a more targeted

window for in vivo testing of mitomycin C. Future research is warranted to establish the

effective time window for mitomycin C application to exert its effect on inhibiting fibroblast

proliferation in vivo.

Conclusions

A better understanding of the consequences of mitomycin C is imperative to allow effective

and precise clinical usage to maximize success and minimize complications. Our results
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demonstrate that a 2-minute application of mitomycin C at 0.2 mg/mL dose on vocal fold

fibroblasts was the lowest concentration to achieve the desired cytotoxicity effect, an initial

transient stimulation of collagen secretion and subsequent suppression of collagen secretion

in vitro. This dose fits the expectation of optimizing collagen dynamics by reducing

excessive scar formation while allowing the necessary healing. Ongoing research is carried

out in our laboratory to evaluate the effect of the timing of mitomycin C application in vivo.
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Figure 1.
Percentage of live cells in mitomycin C-treated fibroblast cultures. (A and B) Show human

normal vocal fold fibroblasts (nVFFs) and scarred vocal fold fibroblasts (sVFFs),

respectively. Line and error bars represent means and the SEs of the data (n=4 for each

group). *Denotes a statistically significant dose effect of that time point compared to 0

mg/mL. §Denotes a statistically significant time effect of all doses except 0 mg/mL

compared to day 0.
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Figure 2.
Collagen type I expression of fibroblasts after mitomycin C treatments. (A–C)

Representative immunocytochemistry (ICC) staining of normal vocal fold fibroblasts

(nVFFs) over 5 days after various doses of mitomycin C administration (original

magnification ×200). (D–F) Representative ICC staining of scarred vocal fold fibroblasts

(sVFFs). Collagen type I was stained green and cell nuclei was stained blue. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.
Collagen type III expression of fibroblasts after mitomycin C treatments. (A–C)

Representative immunocytochemistry (ICC) staining of normal vocal fold fibroblasts

(nVFFs) over 5 days after various doses of mitomycin C administration (original

magnification ×200). (D–F) Representative ICC staining in scarred vocal fold fibroblasts

(sVFFs). Collagen type III was stained red and cell nuclei were stained blue. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
Collagen type I and III expression of scarred vocal fold fibroblasts (sVFFs) after mitomycin

C treatments in the validation experiment (original magnification ×400). All cells were

treated with 1.0 mg/ml mitomycin C except the serum controls. (A–H) Representative

immunocytochemistry (ICC) staining of collagen I (A–D) with cell membrane

permeabilization (E–H) in the absence of permeabilization. (I–P) Representative ICC

staining of collagen III (I–L) with cell membrane permeabilization (M–P) in the absence of

permeabilization. Collagen type I and III was stained green and red respectively. Cell nuclei

were stained blue. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Li et al. Page 18

Head Neck. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://wileyonlinelibrary.com


Figure 5.
Western blot analysis of collagen I in mitomycin C-treated normal vocal fold fibroblasts

(nVFFs) and scarred vocal fold fibroblasts (sVFFs). (A and B) Western immunoblots of

mitomycin C-treated fibroblasts at 1 day and 3 days after treatment, respectively. Blots were

analyzed by densitometry and collagen type I expression was normalized to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) and live cell numbers by trypan blue. (C and D)

Show the densitometric results of Western blots at day 1 and day 3, respectively.
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Figure 6.
Western blot analysis of collagen III in mitomycin C-treated normal vocal fold fibroblasts

(nVFFs) and scarred vocal fold fibroblasts (sVFFs). Western blot analysis of collagen III in

mitomycin C-treated nVFF and sVFF. (A and B) Show the Western immunoblots of

mitomycin C-treated fibroblasts at 1 day and 3 days after treatment, respectively. Blots were

analyzed by densitometry and collagen type III expression was normalized to

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and live cell numbers by trypan blue.

(C and D) Show the densitometric results of Western blots at day 1 and day 3, respectively.
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