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Abstract 

Objectives: Our previous study demonstrated that a large amount of reactive oxygen 

species (ROS) is produced during the early phase of vocal fold wound healing. In the 

current study, we investigated the effect of astaxanthin, which is a strong antioxidant, 

for the regulation of oxidative stress and scarring during vocal fold wound healing. 

Study design: Prospective animal experiment with control. 

Methods: Sprague-Dawley rats were dosed with astaxanthin (Ast-treated group, 100 

mg/kg/day) or olive oil (sham-treated group) by oral gavage daily from pre-injury day 1 

to post-injury day 4. After vocal folds were injured under the endoscope, larynges were 

harvested for histological and immunohistochemical examinations on post-injury days 1, 

3, 5, and 56, and quantitative real-time PCR on post-injury days 1 and 3. 

Results: The expression of 4-hydroxy-2-nonenal, which is an oxidative stress marker, 

was reduced significantly in the lamina propria of the Ast-treated group as compared to 

the sham-treated group. Histological examination showed significantly less tissue 

contraction with favorable deposition of hyaluronic acid in the lamina propria of the 

Ast-treated group compared to the sham-treated group. Real-time PCR revealed 

significantly up-regulated mRNA expression of basic fibroblast growth factor on 

post-injury day 1 and procollagen type I in the Ast-treated group compared to the 

sham-treated group. 

Conclusions: These findings suggest that astaxanthin has the potential to prevent vocal 

fold scarring by regulating oxidative stress during the early phase of vocal fold wound 

healing. 
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Introduction 

Reactive oxygen species (ROS) are normal byproducts of cellular metabolic 

processes including the mitochondrial respiratory chain1. Although ROS are essential 

for various signaling pathways2, over-exposure to ROS, which is called oxidative stress, 

is deleterious to DNA, proteins, and lipids which can contribute to cell aging and 

malignant transformation. 

ROS are involved in all phases of wound healing3-5: inflammation, tissue 

formation, and tissue remodeling. Recently, several studies1, 6 demonstrated that ROS 

have a positive role in the healing process as a defense against invading 

microorganisms or mediators of intracellular signaling. However, over-exposure to ROS 

is harmful to wound healing6, 7. The correct balance between oxidative and 

anti-oxidative forces is needed for favorable wound healing. 

Vocal fold scarring following injury disrupts the layered structure of the lamina 

propria (LP), which is essential for optimal vibration. Scarring may result in severe 

dysphonia8-11. To date, no consistent treatment has been developed for vocal fold 

scarring12. Therefore, the prevention of scarring remains an important therapeutic 

challenge. Considering the deleterious effects of excessive ROS, regulating the amount 

of ROS during wound healing may lead to the prevention of vocal fold scarring. Our 

previous study13 suggested that a large amount of ROS is produced during the early 

phase of vocal fold wound healing, until post-injury day 3, and this period may be 

crucial for regulating ROS levels.  

Astaxanthin is a xanthophyll carotenoid and occurs naturally in living 

organisms, particularly in the marine environment14-16. Astaxanthin has a strong 

antioxidant effect as a potent quencher of singlet oxygen and many studies have shown 
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favorable effects of astaxanthin on the regulation of oxidative stress15-22. 

The purpose of the current study was to assess the effect of astaxanthin on 

vocal fold wound healing in a rat model. We investigated the immunohistochemistry of 

4-hydroxy-2-nonenal (4-HNE), which is an oxidative stress marker of lipid peroxidation, 

histologic changes in the deposition of hyaluronic acid and contraction of the lamina 

propria during vocal fold wound healing. In addition, we also investigated the acute 

changes in gene expression involved in vocal fold wound healing. 



7 
 

 

Materials and methods  

Animals and drug treatment 

The astaxanthin material, composed of 5.0% (w/w) of astaxanthin extracted 

from Haematococcus pluvialis, was supplied by Fuji Chemical Industry Co. Ltd. 

(Toyama, Japan). 

Seventy, thirteen-week-old male Sprague-Dawley rats were used in this study. 

Ten rats were chosen randomly as the normal control group without vocal fold injury for 

real-time PCR (five rats) and immunohistological examination (five rats). The other rats 

were dosed with astaxanthin (AST-treated group, 100 mg/day/kg body weight) or olive 

oil (sham-treated group) by oral gavage daily from pre-injury day 1 to post-injury day 4. 

To assess histologic and immunohistochemical changes, vocal fold injuries were 

performed unilaterally, while the contralateral vocal folds were left intact. Larynges 

were harvested on post-injury days 1, 3, 5, and 56 (five animals per time point). To 

assess changes in gene expression involved in vocal fold wound healing, vocal fold 

injuries were performed bilaterally and larynges were harvested on post-injury days 1 

and 3. All experimental protocols were approved by the Animal Research Committee of 

the Kyoto University Graduate School of Medicine. Animal care was provided by the 

Institute of Laboratory Animals of Kyoto University. 

Surgical Procedure 

The animals were anesthetized with an intraperitoneal injection of ketamine 

hydrochloride (45 mg/kg) and xylazine hydrochloride (4.5 mg/kg) after inhalative 

sedation with diethyl ether. Atropine sulfate (0.005 mg/kg) was also injected 

intraperitoneally to reduce the secretion of saliva and sputum in the laryngeal lumen. 
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Rats were positioned on a custom-made operation platform. Visualization of the larynx 

was achieved with a transoral endoscope connected to video equipment. Topical 

anesthesia (5% lidocaine) was applied to the vocal folds to reduce their movement. Vocal 

fold stripping was performed with microscissors and microforceps as previously 

described13. At each time point, the rats were humanely euthanized with an 

intracardiac injection of pentobarbital sodium (200 mg/kg) after inhalative sedation 

with diethyl ether. Whole larynges were then harvested from each animal. 

Immunohistochemical and histologic examination 

The harvested whole larynges were immersed in 4% paraformaldehyde for 24 

hours then in 30% sucrose for 24 hours. They were then soaked in embedding medium 

(Optimum Cutting Temperature Compound; Tissue-Tek Inc., Kyoto, Japan) and frozen 

quickly with liquid nitrogen. Ten µm-thick cryostat sections (Leica, CM 1850 Kryostat; 

Leica Instruments GmbH, Nussloch, Germany) of whole larynges were made vertical 

to the glottis (coronal sections), air dried, and stored at -80°C until use.  

For immunohistochemical examination, specimens were incubated overnight 

at 4°C with a rabbit anti-4-HNE antibody (Alpha Diagnostic International Co., San 

Antonio, TX, USA, 1:500) after blocking. Samples were washed, then incubated 

overnight at 4°C with Alexa-Fluor 488 goat anti-rabbit IgG (Invitrogen, France, 1:500). 

4’, 6’-diamidino-2-phenylindole dihydrochloride (DAPI) was used to stain cell nuclei in 

each specimen. Omission of the primary antibody served as a negative control. Images 

were captured with a Biorevo BZ-9000 microscope (Keyence Co., Osaka, Japan). The 

immunohistochemical staining of all the samples occurred simultaneously and all 

images were captured at 10X magnification with the same exposure and shutter speed. 

For histologic examination, Alcian blue staining and a hyaluronidase digestion 
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technique were performed to identify hyaluronic acid (HA). Images were captured at 

10X magnification with a Biorevo BZ-9000 microscope. 

Biorevo BZ-H1C and BZ-H1M software (Keyence Co.) was used to measure the 

4-HNE-immunopositive areas in immunohistochemistry and HA-stained areas in 

histological examinations. This software automatically measures the area of a 

designated color in a section. The criteria of 4-HNE-immunopositive or HA-stained 

color was determined by the examiner and saved by the computer. Under the same 

color criteria, the 4-HNE-immunopositive or HA-stained areas were measured in the 

entire lamina propria of three different regions in the vocal fold: anterior, middle, and 

posterior portions. These areas were then totaled (S1) for each vocal fold. In addition, 

the areas of the lamina propria were measured in all the regions and totaled (S2) for 

each vocal fold. The ratio of 4-HNE-immunopositive or HA-stained area was 

determined by dividing S1 by S2 for each vocal fold. The ratio of 4-HNE 

immunopositive area was expressed as a relative value to that of normal control vocal 

folds. The ratio of HA-stained area was normalized by dividing the injured side by that 

of the normal control side. In addition, the degree of contraction of the lamina propria 

was determined by dividing the lamina propria area of the injured side by that of the 

normal control side. These assessments were performed in a blinded fashion in which 

the examiners were not informed of the group to which each slide belonged. 

Real-time PCR 

The harvested whole larynges were immediately immersed in RNAlater 

(QIAGEN, Valencia, CA, USA), incubated overnight, and then the epithelium and 

lamina propria of the vocal fold were dissected away from the larynx under the 

microscope. The dissected specimens were frozen quickly in liquid nitrogen and stored 
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at -80°C until use. The RNeasy Mini Kit (QIAGEN) was used to isolate total RNA 

following the manufacturer’s protocol. The quantity and quality of the RNA were 

evaluated by measuring the A260/280 ratio of the RNA samples. Reverse transcription 

was performed using a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA) using the manufacturer’s recommended reaction 

protocol. Reactions were performed with a Veriti Thermal Cycler (Applied Biosystems) 

using the following parameters: 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 

minutes, and 4°C for 5 minutes. 

We examined the mRNA expression of hyaluronic acid synthase (HAS)-1, -2, 

and -3, pro-collagen types I and III, basic fibroblast growth factor (bFGF), vascular 

endothelial growth factor type A (VEGF), and beta 2-microglobulin (as a endogenous 

control). Rat-specific primers were used. The primers were synthesized by Hokkaido 

System Science Co, Japan, and displayed in Table 1. Real-time PCR was performed in 

a final volume of 20 µL according to the manufacturer’s protocols. The reaction mix 

was comprised of template cDNA, 10 µL of Power SYBR Green Master Mix (Applied 

Biosystems), 0.25 µmol/L final concentration of each primer, and ribonuclease-free 

water. The amplification was performed under the following conditions: 95°C for 10 

minutes, and 40 cycles of denaturing at 95°C for 15 seconds and annealing at 60°C for 

1 minute. Fluorescence was detected with StepOnePlus (Applied Biosystems). 

Standard curves were used to determine the relative ratio of gene expression for each 

gene. Target gene ratios were normalized using the endogenous control gene (beta 

2-microglobulin).  

Statistical Analysis 

Two-way factorial analysis of variance (ANOVA) followed by a Scheffé post hoc 
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test was performed to investigate the differences of the expression areas of 4-HNE, HA 

ratio, and real-time PCR between Ast-treated and sham-treated groups. When 

interactions were present between the treatment and the time point in the analyses of 

real-time PCR, one-way factorial ANOVA followed by a Scheffé post hoc test was 

performed. A Student’s t-test was used to investigate the contraction of the lamina 

propria. Differences of p < 0.05 were regarded as statistically significant. 
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Results 

Expression of 4-hydroxy-2-nonenal (4-HNE) 

 A small amount of 4-HNE is present in all animal tissues, including normal 

vocal folds. However, sham-treated vocal folds showed an increase in the expression of 

4-HNE and this was attenuated in the Ast-treated folds (Fig. 1A). The ratio of the 

4-HNE-immunopositive area was highest at post-injury day 1 and decreased time 

dependently (Fig. 1B). Two-way factorial ANOVA showed that the ratio of the 

4-HNE-immunopositive area reduced significantly in the Ast-treated group as 

compared to the sham-treated group. Post-hoc testing revealed that the Ast-treated 

group showed a significantly lower ratio of 4-HNE-immunopositive area at post-injury 

day 1 than the sham-treated group.  

Histological examination 

We performed Alcian blue staining of sections, which colored 

glycosaminoglycans blue. The blue-stained area in the lamina propria was judged to 

contain hyaluronic acid (HA) because it was decolorized following hyaluronidase 

digestion (Fig. 2A). The normal group showed abundant deposition of HA in the lamina 

propria. The sham-treated group showed a severe decrease of HA and contraction of the 

lamina propria, both of which were attenuated in the Ast-treated group. Furthermore, 

image analyses were performed. Statistical analyses showed that the normalized ratio 

of HA in the lamina propria (Fig. 2B) and the ratio of the LP area (Fig. 2C) were 

significantly increased in the Ast-treated group as compared to the sham-treated group. 

Real-time PCR 

The mRNA expression ratios of several genes involved in vocal fold wound 
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healing were investigated on post-injury days 1 and 3 (Fig. 3). Two-way factorial 

ANOVA showed that astaxanthin had a significant effect on procollagen type I mRNA 

expression. A Scheffé test revealed that the expression of procollagen type I was 

increased on post-injury day 3 in the Ast-treated group as compared to the sham-treated 

group. No significant differences were detected in the mRNA expression of HAS-1, -2, -3, 

procollagen type III, or VEGF, although there was slightly increased expression of 

HAS-1 (p = 0.10) and HAS-2 (p = 0.14) in the Ast-treated group as compared to the 

sham-treated group. One-way factorial ANOVA was performed for analysis of bFGF 

mRNA expression as interactions were present between the treatment and the time 

point. It showed that the expression of bFGF on post-injury day 1 was significantly 

higher in the Ast-treated group than the sham-treated group. 
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Discussion 

Wound healing is regulated by numerous factors including cells, growth factors, 

cytokines, and hormones23, 24. In addition to these, several studies1, 6 have demonstrated 

that the appropriate balance of ROS is an important factor in the wound healing process 

as they provide defense against invading microorganisms and aid in cellular signaling.  

Wound healing consists of three phases: inflammation, tissue formation, and 

tissue remodeling25, 26. ROS are involved in all of these phases. After wounding, 

inflammatory cells including neutrophils and macrophages infiltrate into the wound 

and cleanse the site of microorganisms. A large amount of ROS is produced by 

inflammatory cells via NADPH oxidase and this plays a central role in the defense 

against wound infection3. In tissue formation, ROS were suggested to contribute to 

vascularization by inducing proliferation and migration of vascular smooth muscle 

cells4. In addition, hydrogen peroxide (H2O2) has been shown to activate pro-matrix 

metalloproteinase-2 and induce cell motility5, which contributes to tissue remodeling. 

Over-exposure to ROS, which is called oxidative stress, is deleterious to wound 

healing. For example, it was shown that high doses of H2O2 impaired wound closure, 

while low doses moderately facilitated closure6. Kümin et al.7 reported that the 

overexpression of peroxiredoxin 6, which acts as an antioxidant enzyme by catalyzing 

the reduction of a broad spectrum of peroxides including H2O2, resulted in the 

enhancement of wound closure in aged mice. This suggested that the reduction of 

oxidative stress may contribute to favorable wound healing. Therefore, favorable wound 

healing requires a delicate balance between oxidative and anti-oxidative forces. 

Astaxanthin is a xanthophyll carotenoid found in a variety of living organisms 
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including microalgae, fungi, seafood and some birds such as flamingos and quails14-16. 

Humans are unable to manufacture carotenoids including astaxanthin and therefore 

need to consume these in their diet. Astaxanthin has a polar-nonpolar-polar structure, 

which enables it to precisely fit into the polar-nonpolar-polar span of cell membranes27. 

Astaxanthin is a potent quencher of reactive oxygen and nitrogen species, especially 

singlet oxygen. Many studies have reported using astaxanthin as an antioxidant15-22. 

Mitochondrial dysfunction induced by oxidative stress is a critical factor in many 

diseases such as cancer and lifestyle-related diseases. Wolf et al.17 demonstrated that 

astaxanthin reduced the endogenous production of ROS by mitochondria and protected 

the mitochondria against a decline of membrane function that typically occurs under 

oxidative stress. Furthermore, several studies using rats, rabbits and dogs 

demonstrated the protective effect of astaxanthin in an ischemia-reperfusion 

myocardial model18-20. In addition, experimental studies have been conducted to 

investigate the efficacy of astaxanthin for cardiovascular disease15, 16, diabetes 

mellitus21, and hypertension22. Astaxanthin is a potential therapeutic agent for various 

diseases involving oxidative stress. 

The vocal folds have a unique histological structure that enables high speed 

vibration of the mucosa, which is required for voice production28. The vocal fold has a 

lamina propria composed of 3 layers between the epithelium and the vocalis muscle. 

The intermediate and deep layers of the lamina propria consist of elastin and collagen, 

respectively, which form the vocal ligament. In contrast, the superficial lamina propria 

has few fibrous proteins, but it has abundant hyaluronic acid (HA). HA is regarded as 

the most critical element that supports the ideal viscoelasticity of the vocal fold29.  

Vocal fold scarring can occur following mechanical injury, thermal injury and 
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chronic inflammation associated with vocal abuse. Scarring leads to the disruption of 

the layered structure of the lamina propria8-10, 12. Once the vocal fold is scarred, severe 

dysphonia or aphonia is likely to occur. To date, no consistent treatment has been 

developed to treat vocal fold scarring. Therefore, prevention of scarring is an important 

therapeutic strategy. Our previous study13 demonstrated that expression of 4-HNE in 

the injured vocal folds was significantly increased in the epithelium and the lamina 

propria on post-injury days 1 and 3 compared to the normal vocal folds. This suggested 

that a large amount of ROS is produced during the early phase of vocal fold wound 

healing until post-injury day 3. Considering the deleterious effects of excessive ROS for 

wound healing, we hypothesized that regulating the amount of ROS produced during 

the early phase of wound healing may lead to the prevention of vocal fold scarring.  

The current study indicates the potential of astaxanthin to reduce oxidative 

stress during the early phase of vocal fold wound healing and prevent vocal fold scarring. 

Since our previous study13 showed that the expression of 4-HNE significantly increased 

until post-injury day 3, but not significantly at post-injury day 5, we administered 

astaxanthin until post-injury day 4. Astaxanthin treatment significantly reduced the 

expression of 4-HNE as compared to the sham treatment, suggesting that astaxanthin 

regulates oxidative stress. In histological examinations, the sham-treated group showed 

a severe decrease of HA deposition and contraction of the lamina propria as compared to 

the normal group. The Ast-treated group showed a significant increase of HA deposition 

and attenuation of the contraction of the lamina propria as compared to the 

sham-treated group. To investigate the mechanism by which astaxanthin attenuates 

vocal fold scarring, we performed quantitative real-time PCR for several genes involved 

in vocal fold wound healing. Although there was a tendency that the mRNA expression 
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for HAS-1 and HAS-2 increased in the Ast-treated group as compared to the 

sham-treated group, no significant statistical differences were detected. However, the 

expression of procollagen type I increased significantly in the Ast-treated group. 

Collagen is essential as a scaffold for wound healing. Astaxanthin may promote healing 

through inducing expression of procollagen type I. bFGF and VEGF are key facilitators 

of wound angiogenesis. In particular, bFGF plays a role in granulation tissue formation, 

epithelialization, and tissue remodeling30, 31.  In addition, bFGF was reported to 

improve acute vocal scars32. Several in vitro studies showed that ROS up-regulated 

expression of bFGF and VEGF dose dependently33, 34, which is inconsistent with the 

current study. The current study demonstrated that bFGF expression decreased in 

sham-treated vocal folds on post-injury day 1 when there was a significant increase of 

4-HNE-expression. These apparent conflicts may be due to differences in the amount of 

ROS between the in vitro findings and the current in vivo study, although it is difficult 

to directly compare the amount of ROS. Regardless, the expression of bFGF 

significantly increased on post-injury day 1 in the Ast-treated group compared to the 

sham-treated group, which may be one factor important for preventing vocal fold 

scarring.  
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Conclusions 

The current study demonstrated that astaxanthin treatment significantly 

reduced expression of 4-HNE in the lamina propria during the early phase of vocal fold 

wound healing and significantly reduced tissue contraction with favorable deposition of 

HA in the lamina propria. This suggests that astaxanthin is a potent therapeutic agent 

for the prevention of vocal fold scarring through regulating oxidative stress.  

 



19 
 

 

ACKNOWLEDGEMENTS  

This study was supported by the Advanced Research for Medical Products 

Mining Program of the National Institute of Biomedical Innovation. 



20 
 

 
References 

 

1. Sen CK. The general case for redox control of wound repair. Wound Repair Regen. 

2003;11:431-438.  

2. D'Autreaux B, Toledano MB. ROS as signalling molecules: mechanisms that generate 

specificity in ROS homeostasis. Nat Rev Mol Cell Biol. 2007;8:813-824.  

3. Bedard K, Krause KH. The NOX family of ROS-generating NADPH oxidases: 

physiology and pathophysiology. Physiol Rev. 2007;87:245-313.  

4. Nishio E, Watanabe Y. The involvement of reactive oxygen species and arachidonic 

acid in alpha 1-adrenoceptor-induced smooth muscle cell proliferation and migration. 

Br J Pharmacol. 1997;121:665-670.  

5. Yoon SO, Park SJ, Yoon SY, Yun CH, Chung AS. Sustained production of H(2)O(2) 

activates pro-matrix metalloproteinase-2 through receptor tyrosine 

kinases/phosphatidylinositol 3-kinase/NF-kappa B pathway. J Biol Chem. 

2002;277:30271-30282.  

6. Roy S, Khanna S, Nallu K, Hunt TK, Sen CK. Dermal wound healing is subject to 

redox control. Mol Ther. 2006;13:211-220.  

7. Kumin A, Huber C, Rulicke T, Wolf E, Werner S. Peroxiredoxin 6 is a potent 

cytoprotective enzyme in the epidermis. Am J Pathol. 2006;169:1194-1205.  

8. Hirano S, Minamiguchi S, Yamashita M, Ohno T, Kanemaru S, Kitamura M. 

Histologic characterization of human scarred vocal folds. J Voice. 2009;23:399-407.  

9. Rousseau B, Hirano S, Chan RW, et al. Characterization of chronic vocal fold scarring 

in a rabbit model. J Voice. 2004;18:116-124.  



21 
 

10. Rousseau B, Hirano S, Scheidt TD, et al. Characterization of vocal fold scarring in a 

canine model. Laryngoscope. 2003;113:620-627.  

11. Kishimoto Y, Hirano S, Kitani Y, et al. Chronic vocal fold scar restoration with 

hepatocyte growth factor hydrogel. Laryngoscope. 2010;120:108-113.  

12. Hirano S. Current treatment of vocal fold scarring. Curr Opin Otolaryngol Head 

Neck Surg. 2005;13:143-147.  

13. Mizuta M, Hirano S, Ohno S, et al. Expression of reactive oxygen species during 

wound healing of vocal folds in a rat model. Annals of Otology, Rhinology & Laryngology. 

2012;121:804-810.  

14. Higuera-Ciapara I, Felix-Valenzuela L, Goycoolea FM. Astaxanthin: a review of its 

chemistry and applications. Crit Rev Food Sci Nutr. 2006;46:185-196.  

15. Pashkow FJ, Watumull DG, Campbell CL. Astaxanthin: a novel potential treatment 

for oxidative stress and inflammation in cardiovascular disease. Am J Cardiol. 

2008;101:58D-68D.  

16. Fassett RG, Coombes JS. Astaxanthin in cardiovascular health and disease. 

Molecules. 2012;17:2030-2048.  

17. Wolf AM, Asoh S, Hiranuma H, et al. Astaxanthin protects mitochondrial redox 

state and functional integrity against oxidative stress. J Nutr Biochem. 

2010;21:381-389.  

18. Gross GJ, Lockwood SF. Cardioprotection and myocardial salvage by a disodium 

disuccinate astaxanthin derivative (Cardax). Life Sci. 2004;75:215-224.  

19. Gross GJ, Lockwood SF. Acute and chronic administration of disodium disuccinate 

astaxanthin (Cardax) produces marked cardioprotection in dog hearts. Mol Cell 

Biochem. 2005;272:221-227.  



22 
 

20. Lauver DA, Lockwood SF, Lucchesi BR. Disodium Disuccinate Astaxanthin 

(Cardax) attenuates complement activation and reduces myocardial injury following 

ischemia/reperfusion. J Pharmacol Exp Ther. 2005;314:686-692.  

21. Naito Y, Uchiyama K, Aoi W, et al. Prevention of diabetic nephropathy by treatment 

with astaxanthin in diabetic db/db mice. Biofactors. 2004;20:49-59.  

22. Hussein G, Nakamura M, Zhao Q, et al. Antihypertensive and neuroprotective 

effects of astaxanthin in experimental animals. Biol Pharm Bull. 2005;28:47-52.  

23. Werner S, Grose R. Regulation of wound healing by growth factors and cytokines. 

Physiol Rev. 2003;83:835-870.  

24. Schafer M, Werner S. Transcriptional control of wound repair. Annu Rev Cell Dev 

Biol. 2007;23:69-92.  

25. Martin P. Wound healing--aiming for perfect skin regeneration. Science. 

1997;276:75-81.  

26. Schafer M, Werner S. Oxidative stress in normal and impaired wound repair. 

Pharmacol Res. 2008;58:165-171.  

27. Kidd P. Astaxanthin, cell membrane nutrient with diverse clinical benefits and 

anti-aging potential. Altern Med Rev. 2011;16:355-364.  

28. Hirano M. Morphological structure of the vocal cords a vibrator and its variations. 

Folia Phoniatr (Basel). 1974;26:89-94.  

29. Gray SD, Titze IR, Chan R, Hammond TH. Vocal fold proteoglycans and their 

influence on biomechanics. Laryngoscope. 1999;109:845-854.  

30. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth factors 

and cytokines in wound healing. Wound Repair Regen. 2008;16:585-601.  



23 
 

31. Powers CJ, McLeskey SW, Wellstein A. Fibroblast growth factors, their receptors 

and signaling. Endocr Relat Cancer. 2000;7:165-197.  

32. Suehiro A, Hirano S, Kishimoto Y, Rousseau B, Nakamura T, Ito J. Treatment of 

acute vocal fold scar with local injection of basic fibroblast growth factor: a canine study. 

Acta Otolaryngol. 2010;130:844-850.  

33. Wada M, Gelfman CM, Matsunaga H, et al. Density-dependent expression of FGF-2 

in response to oxidative stress in RPE cells in vitro. Curr Eye Res. 2001;23:226-231.  

34. Cho M, Hunt TK, Hussain MZ. Hydrogen peroxide stimulates macrophage vascular 

endothelial growth factor release. Am J Physiol Heart Circ Physiol. 2001;280:H2357-63. 



24 
 

 
Figure legends 

 

Fig. 1 

(A) Representative examples of immunohistochemistry for 4-hydroxy-2-nonenal 

(4-HNE) in the lamina propria of (a) the normal vocal folds, (b) the sham-treated vocal 

folds and (c) the astaxanthin (Ast)-treated vocal folds on post-injury day 1. 4-HNE 

appears green, while nuclei appear blue. Scale bar: 100 µm. (B) The immunopositive 

area for 4-HNE was measured in the lamina propria of the injured vocal folds in the 

sham-treated group (white circle) and Ast-treated group (black circle) and presented as 

a relative value to the normal group. The ratio of the 4-HNE-immunopositive area 

decreased time dependently in the sham-treated group and was significantly reduced by 

astaxanthin administration. *: p < 0.01, two-way factorial ANOVA with a post-hoc 

Scheffé test. Bars represent the standard deviation.  

 

Fig. 2 

A) Representative Alcian blue staining of the normal group (a, b, c), the normal group 

with hyaluronidase digestion (d, e, f), the sham-treated group on post-injury day 56 (g, h, 

i), and the astaxanthin (Ast)-treated group on post-injury day 56 (j, k li). The normal 

group has abundant deposition of hyaluronic acid (HA) in the lamina propria. The 

sham-treated group showed a severe decrease of HA content and contraction, which 

were attenuated in the Ast-treated group. Scale bar: 200 µm. B) The normalized ratio of 

the hyaluronic acid-stained area was significantly increased in the Ast-treated group 

(black circle) as compared to the sham-treated group (white circle). C) The ratio of the 

lamina propria area to the control side was significantly increased in the Ast-treated 
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group (black box) as compared to the sham-treated group (white box). *: p < 0.01, 

two-way factorial ANOVA with a post-hoc Scheffé test. **: p < 0.01, Student’s t-test. 

Bars represent the standard deviation.  

 

Fig. 3 

mRNA expression ratios of several genes involved in vocal fold wound healing on 

post-injury days 1 and 3. 

D, F) Significant differences in mRNA expression were observed for procollagen type I 

and bFGF on post-injury day 1 between the astaxanthin-treated group (black box) and 

the sham-treated group (white box). A, B, C, E, G) No significant differences were 

observed between the two treated groups.  *: p < 0.05, two-way factorial ANOVA with a 

post-hoc Scheffé test. **: p < 0.01, one-way factorial ANOVA with a post-hoc Scheffé test. 

As interactions were present between the treatment and the time point for analysis of 

bFGF gene expression, a one-way factorial ANOVA followed by a Scheffé post-hoc test 

was performed. Bars represent the standard deviation.  
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Table 1: Primer Sequences
Forward 5'-TAGGTGCTGTTGGAGGAGATGTGA-3'
Reverse 5'-AAGCTCGCTCCACATTGAAGGCTA-3'
Forward 5'-ACTGGGCAGAAGCGTGGATTATGT-3'
Reverse 5'-AACACCTCCAACCATCGGGTCTTCTT-3'
Forward 5'-CCTCATCGCCACAGTCATACAA-3'
Reverse 5'-CCACCAGCTGCACCGTTAGT-3'
Forward 5'-AGGCATAAAGGGTCATCGTGGCTT-3'
Reverse 5'-AGTCCATCTTTGCCAGGAGAACCA-3'
Forward 5'-ATGAGCTTTGTGCAATGTGGGACC-3'
Reverse 5'-ACTGACCAAGGTAGTTGCATCCCA-3'
Forward 5'-AAGAACGGCGGCTTCTTCCT-3'
Reverse 5'-CCCTTGATGGACACAACTCC-3'
Forward 5'-CGTCTACCAGCGCAGCTATTG-3'
Reverse 5'-GTGAGGTTTGATCCGCATGAT-3'
Forward 5'-TCACACTGAATTCACACCCACCGA-3'
Reverse 5'-TGATTACATGTCTCGGTCCCAGGT-3'

Vascular endothelial growth factor type A

Beta 2-microglobulin

Hyaluronic acid synthase 1

Hyaluronic acid synthase 2

Hyaluronic acid synthase 3

Procollagen type I

Procollagen type III

Basic fibroblast growth factor
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