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Highlights 

 Skate chondroitin sulfate (sCS) production generated a by-product (BP-sCS) 

 BP-sCS is a mixture of CS, type II collagen peptides, and non-collagenous peptides 

 BP-sCS displayed antioxidant activity and protected fibroblasts from oxidative stress 

 BP-sCS promoted fibroblast proliferation and activated collagen deposition  

 BP-sCS could be a superior healing promoter of chronic wounds 
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 Abstract 30 

Owing to the increasing popularity of chondroitin sulfate (CS) for joint pain treatment, 31 

the CS-production industry has been producing an increasing amount of waste, which 32 

includes type II collagen, non-collagenous proteins, and residual CS. To effectively utilize 33 

these resources, we intended to develop new products from the by-product of skate 34 

chondroitin sulfate production (BP-sCS). In this study, we examined the antioxidant and 35 

fibroblast-activating properties of BP-sCS, intending to apply it for a wound-healing 36 

promoter. BP-sCS exhibited ABTS and DPPH radical scavenging activities, protected L929 37 

fibroblasts from H2O2- or AAPH-induced oxidative stress, and scavenged intracellular 38 

reactive oxygen species. Moreover, BP-sCS promoted L929 fibroblast 39 

proliferation/metabolism and stimulated collagen deposition into the extracellular matrix. In 40 

addition, BP-sCS counteracted AAPH-induced oxidative stress damage that inhibited 41 

fibroblast migration. These effect were attributed to the cooperation among the molecules of 42 

BP-sCS, namely, type II collagen peptides, non-collagenous peptides, and CS 43 

polysaccharides. Our findings indicate that BP-sCS has the potential as a novel wound-44 

healing promoter. This study is the first step toward the realization of a sustainable CS-45 

production industry by waste utilization in healthcare products. 46 

Keywords: by-product, wound-healing promoter, type II collagen peptide, chondroitin sulfate 47 

polysaccharide 48 

 49 

Abbreviations: AAPH, 2,2'-azobis(2-methylpropionamidine) dihydrochloride; ABTS, 2,2'-50 

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; BP-sCS, the by-product of skate 51 
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chondroitin sulfate production; CP, collagen peptide; CS, chondroitin sulfate; DCFH, 52 

dichlorofluorescein; DPPH, 2,2-diphenyl-1-picrylhydrazyl; Pa-CP, papain-hydrolyzed CP; 53 

CSp, CS polysaccharides; MW, molecular weight; ROS, reactive oxygen species  54 

  55 
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1. Introduction 56 

Chondroitin sulfate (CS) is a polysaccharide chain consisting of a repeated disaccharide 57 

unit, which comprises glucuronic acid and N-acetylgalactosamine. CS is used as a 58 

symptomatic slow-acting drug in Europe and a dietary supplement in the United States 59 

(Volpi, 2007) for joint pain treatment. Currently, CS is extracted and purified from animal 60 

cartilaginous tissues. Although microbial production, as in the case of hyaluronic acid, is an 61 

attractive technology in the future (Restaino et al., 2017), it is still a challenge (Schiraldi et 62 

al., 2012). Thus, industrial CS production uses cartilage sources derived from terrestrial or 63 

marine animals; however, a large amount of the cartilage residue, including type II collagen, 64 

non-collagenous proteins, and residual CS, is wasted during CS extraction and purification. 65 

Due to the aging population and the discovery of new CS bioactivities, such as anti-obesity 66 

(Li et al., 2019) and antiviral (Vázquez et al., 2013) activities and intestinal microbiota 67 

modulation (Shang et al., 2016), the demand for CS production has rapidly increased 68 

(Restaino et al., 2019; Vázquez et al., 2013). This, in turn, rapidly increased the waste 69 

generated from CS production. To realize sustainable development and maximize profit, the 70 

generated waste must be utilized. However, the utilization of the CS production waste has not 71 

been demonstrated to date.  72 

Generally, cartilage proteins are hydrolyzed during CS purification; therefore, the by-73 

product of CS production contains a mixture of molecules, such as CS polysaccharide 74 

residues, type II collagen peptides, and non-collagenous peptides, alongside a small number 75 

of minerals that bind to CS. Since CS polysaccharides and peptides with a high molecular 76 

weight (MW) exhibit low absorbability in the skin and digestive system (Li et al., 2015; 77 
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Shang et al., 2016; Shen & Mastsui, 2017), we hypothesized that the by-product could be 78 

used for wound healing as they can directly get in contact with the wound site. CS has been 79 

reported to activate fibroblasts and their migration during wound healing (Zou et al., 2009), 80 

while peptides, especially collagen peptides, exhibit several biological activities, such as 81 

antioxidant activity, antimicrobial activity, and extracellular matrix synthesis activation (Pal 82 

& Suresh, 2016). Consequently, it is possible that the by-product of CS production, which is 83 

the waste now, may promote wound healing.  84 

Wound healing is a complex and highly regulated process divided into three phases: 85 

hemostasis and inflammation, proliferation, and remodeling (Broughton et al., 2006; Han & 86 

Ceilley, 2017). Failure to progress through these normal stages of healing results in chronic 87 

wounds, such as diabetic wounds and pressure ulcers (Dhivya et al., 2015; Han & Ceilley, 88 

2017). An essential feature of these wounds is oxidative stress, which is caused by 89 

inflammatory cells in wound tissues that produce large amounts of reactive oxygen species 90 

(ROS), pro-inflammatory cytokines, and oxidases (Kurahashi & Fujii, 2015; Schäfer & 91 

Werner, 2008). Although low ROS levels are required for defense against invading pathogens 92 

and modulating signaling molecules, excessive ROS levels cause cellular apoptosis in the 93 

surrounding tissues and imbalanced redox homeostasis, resulting in chronic wounds 94 

(Kurahashi & Fujii, 2015; Schäfer & Werner, 2008). Chronic wounds are an important global 95 

health problem that causes significant discomfort and distress to patients. Even in the 96 

developed countries, almost 1.5% of the population experiences problematic wounds, 97 

accounting for 2%‒4% of all healthcare expenses (Ahmed et al., 2019). Thus, the market 98 

demands superior wound-healing promoters that can achieve rapid healing at a reasonable 99 
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cost.  100 

In northern Hokkaido, Japan, skate fishery is one of the essential industries. From the 101 

newest governmental data of the aquatic product market, the total skate catch of Hokkaido is 102 

1798 tons in 2018. As only their fins (about 33% of wet weight, unpublished observation) are 103 

used as foods, a massive volume of cartilaginous by-products is generated from skate 104 

processing. Our preliminary survey revealed that 1 ton of CS is produced per year from 270 105 

tons of by-products obtained from 400 tons of skate. Thus, still, a considerable number of by-106 

products are being discarded even after CS production. Transforming this waste into value-107 

added products can mitigate environmental pollution, improve the economic profit of fishery 108 

and aquaculture industries, and contribute to the circular economy in Hokkaido.  109 

This study obtained a by-product of the final stage of skate CS production (BP-sCS) and 110 

examined its bioactivities as a wound-healing promoter. During the proliferative phase of 111 

wound healing, fibroblasts migrate to the wound site from surrounding tissues, become 112 

activated, proliferate, synthesize extracellular matrix, and finally differentiate into 113 

myofibroblasts to close the wound (Broughton et al., 2006). At the same time, excessive ROS 114 

must be detoxified during chronic wound healing. Therefore, we focused on the antioxidant 115 

and fibroblast-activating roles of BP-sCS. In addition, we examined the activities of pure CS 116 

polysaccharides and type II collagen peptides to determine the active components of BP-sCS. 117 

This study is the first step toward a sustainable CS production industry as our results indicate 118 

that CS production wastes can be used in various healthcare products.  119 

2. Materials and methods 120 
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2.1. Materials 121 

Skate cartilage, chondroitin sulfate polysaccharide (CSp), and BP-sCS were supplied by 122 

Marukyo Bio Foods (Wakkanai, Hokkaido, Japan). CSp was isolated and purified from the 123 

cartilage of Raja pulchra (skate), and the remaining material was spray-dried to produce BP-124 

sCS containing CSp (14%), type II collagen peptides (60%), non-collagenous peptides (14%), 125 

minerals (8%), and other materials (Supplementary Fig. 1, Japan Food Analysis Center 126 

no.17091776001-0101). CSp was obtained as a CS sodium salt, which includes CS (83.1%) 127 

and sodium (16.9%). Thus, the content of CSp in BP-sCS as CS sodium salt was 22%. Type 128 

II collagen was purified from skate cartilage largely according to the method described by 129 

Meng et al. (2019). The papain-hydrolyzed collagen peptides (Pa-CP) were prepared by 130 

hydrolyzing the purified type II collagen using papain (2.5% w/w) at 50 °C for 4 h. The 131 

formulations and molecular weight of CSp are presented in Supplementary Table 1. No 132 

keratan sulfate existed in the cartilage glycosaminoglycan of most skate species (Murado et 133 

al., 2010). 134 

2.2. Antioxidant assays 135 

2.2.1. ABTS radical scavenging assay 136 

ABTS (7 mM; Wako Pure Chemical, Osaka, Japan) and potassium persulfate (K2S2O8, 137 

2.45 mM; Wako Pure Chemical) solutions (2:1 v/v) were reacted in the dark at room 138 

temperature (21 °C–23 °C) for 12‒16 h to generate ABTS radical solution. The solution was 139 

diluted with phosphate-buffered saline (PBS, pH 7.4) to an absorbance of 0.70 ± 0.02 at 734 140 
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nm, reacted (500 μL) with 500 μL of sample solution for 10 min at room temperature (21 °C–141 

23 °C), and the absorbance determined at 734 nm using a microplate reader (Infinite F50R, 142 

Tecan Japan, Kanagawa, Japan). Each sample was dissolved in deionized water to 143 

concentrations of 0.04‒5 mg/mL. L (+)-ascorbic acid (VC, Wako Pure Chemical) was used as 144 

the positive control. Each measurement was performed in triplicate, and the percentage of the 145 

scavenging effect was calculated as follows: 146 

ABTS radical scavenging activity (%) = (Ab − As)/Ab × 100, 147 

where Ab and As denote the absorbance of deionized water and sample solution, respectively. 148 

2.2.2. DPPH radical scavenging assay 149 

DPPH (Tokyo Chemical Industry, Tokyo, Japan) was dissolved in methanol at a 150 

concentration of 115 μM. Each sample was dissolved in deionized water at concentrations of 151 

0.625‒5 mg/mL. VC was used as a positive control. Next, the sample solution (500 μL) was 152 

reacted with DPPH methanol solution (500 μL) in the dark at room temperature (21 °C–23 153 

°C) for 30 min, and the absorbance was measured at 517 nm using a microplate reader 154 

(Infinite F50R, Tecan Japan, Kawasaki, Japan). Each measurement was performed in 155 

triplicate, and the percentage of the scavenging effect was calculated as follows: 156 

DPPH radical scavenging activity (%) = (Ab − As)/Ab × 100, 157 

where Ab and As denote the absorbance of deionized water and sample solution, respectively. 158 

2.3. Molecular weight distribution of peptides 159 

Peptides and CSp residues in the BP-sCS were separated via ultrafiltration using the 160 
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molecular weight cutoff (MWCO) of 3000 and 10000 Da (Merck Millipore, Darmstadt, 161 

Germany). A 5-mL aliquot of BP-sCS solution was firstly centrifuged at 4,000 × g for 20 min 162 

and then eluted with 5-mL deionized water at 4,000 × g for 20 min using a filter with an 163 

MWCO of 10000 Da. The elution process was repeated several times to obtain <10000 Da 164 

fraction. Then, the <10000 Da fraction was separated into 10000–3000 Da and <3000 Da 165 

fractions using a filter with an MWCO of 3000 Da. Since the MW of the CSp in BP-sCS is 166 

much larger than 3000 Da (Supplementary Fig. 1B), the <3000 Da fraction of BP-sCS did not 167 

contain CS (Supplementary Fig. 1C). However, the separation also excluded peptides larger 168 

than 3000 Da in BP-sCS. Therefore, the <3000 Da fraction of Pa-CP was obtained to 169 

compare its bioactivity with the <3000 Da fraction of BP-sCS. The collected fractions were 170 

freeze-dried. The MW distribution of the <3000 Da fractions was determined via size 171 

exclusion chromatography using a TSKgel G2500PW column (7.5 mm × 30 cm, Tosoh, 172 

Tokyo, Japan) with UV detection at 214 nm and a mobile phase of 35% acetonitrile in 0.05% 173 

TFA (pH 2.1) at a flow rate of 0.6 mL/min. An MW calibration curve was obtained using the 174 

following standards: insulin (5700 Da), vitamin B12 (1355 Da), and triglycine (189 Da). A 30-175 

μL aliquot of each sample or standard was analyzed using High Performance Liquid 176 

Chromatography system (HPLC, SCL-10AVP, Shimadzu, Tokyo, Japan), and the percentage 177 

of each MW fraction was calculated as follows: 178 

MW fraction (%) = (Sx/Stotal) × 100, 179 

where Sx and Stotal denote the area of each fraction (>5000 Da, 3000‒5000 Da, 1000‒3000 180 

Da, and <1000 Da) and the total area of the chromatogram, respectively. 181 
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2.4. Cell culture experiments 182 

2.4.1 Cell culture condition 183 

L929 fibroblast cells from the RIKEN Cell Bank (Tsukuba, Japan) was cultured at 37 °C 184 

with 5% CO2 in the minimum essential medium (MEM, Gibco, Grand Island, NY, USA) 185 

containing 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA) with 5% 186 

fetal bovine serum (FBS, Lot. No 451456, Gibco). The medium was changed every 2‒3 d. 187 

The samples dissolved in endotoxin-free water (EFW) were added to the culture medium at 188 

various concentrations for different experiments, and EFW was used as a negative control. 189 

The endotoxin levels in MEM and the samples (1 mg/mL) were less than 1.0 EU/mL. 190 

2.4.2. Antioxidant assay in cell culture 191 

Cell viability/activity assay under oxidative stress was performed using the strong 192 

oxidant H2O2 (Wako Pure Chemical) and the weak oxidant AAPH (Tokyo Chemical 193 

Industry). Briefly, L929 cells were seeded in each well of a 96-well plate (2 × 103 cells/well). 194 

When the cells reached >90% confluency, samples were added to the culture medium to 195 

produce a final concentration of 1 mg/mL. After 24 h, the cells were exposed to H2O2 (0.5 196 

mM) or AAPH (5 mM) and incubated for another 24 h. After incubation, the cells were 197 

washed with the Hank's balanced salt solution (HBSS, Sigma-Aldrich, Saint Louis, MO, 198 

USA), and cell viability was assessed using Cell Counting Kit-8 (CCK-8, Dojindo, 199 

Kumamoto, Japan), which measures the total metabolic activity. For the assay, the culture 200 

medium was replaced with that containing 10% (v/v) CCK-8, and the cells were incubated at 201 

37 °C for 30 min, and the absorbance at 450 nm was measured using a microplate reader 202 
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(Infinite F50R, TECAN, Kawasaki, Japan). This assay was also used to estimate the total cell 203 

number in the well to evaluate cell proliferation; this measurement postulates that the 204 

metabolism of each cell remains constant during the assay. As we cannot ascertain whether 205 

the cell metabolism was affected by the addition of samples, the term 206 

“proliferation/metabolism” was used for the measurements of cell proliferation assessed in 207 

this experiment. The data were expressed as the relative absorbance normalized to that of the 208 

control well (no oxidant). 209 

Intracellular ROS formation was assessed according to the method described by Ahn et 210 

al. (2012) with minor modifications. The oxidation-sensitive dye H2DCFDA was used as a 211 

probe as it diffuses through the cell membrane and is hydrolyzed into its nonfluorescent form 212 

dichlorofluorescein (DCFH) by intracellular esterase. Then, DCFH reacts with the 213 

intracellular H2O2 to produce an oxidized form of DCFH, which is a green fluorescent dye. 214 

L929 cells (2 × 103 cells/well) were grown in a black/transparent 96-well microtiter plate 215 

until they reached >90% confluency and were treated with the samples for 24 h. After 216 

discarding the culture medium, the cells were washed with HBSS and labeled with 217 

H2DCFDA (20 μM; Sigma-Aldrich) in HBSS for 20 min in the dark at 37 °C and then 218 

washed with HBSS and incubated with 0.5 mM H2O2 in HBSS for 30 min in the dark at 37 219 

°C. Fluorescence was read at an excitation wavelength of 485 nm and an emission 220 

wavelength of 528 nm using a fluorescence microplate reader (WallAc ARVO 1420 221 

Multilabel Counter, PerkinElmer, Waltham, MA, USA). VC was used as a positive control. 222 

Data have been expressed as the relative fluorescence intensity normalized to that of the 223 

control well (no oxidant). 224 
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2.4.3. Fibroblast proliferation/metabolism and collagen production 225 

L929 cells (5 × 103 cells/well) were seeded in a 48-well plate. After 24 h, the culture 226 

medium was replaced with a medium containing 1-mg/mL sample (Day 0). Fibroblast 227 

proliferation was assessed based on a method described by Li et al. (2019) using the CCK-8 228 

assay. Then, type I collagen gene expression was analyzed via real-time quantitative PCR 229 

(qPCR). Total RNA was extracted from each well using the ISOGEN II reagent (Nippon 230 

Gene, Tokyo, Japan) and quantified using a spectrophotometer (ND-1000, Thermo Fisher 231 

Scientific, Waltham, MA, USA). cDNA was synthesized from 500 ng total RNA using a 232 

PrimeScript RT Reagent Kit with the gDNA Eraser Perfect Real Time (Takara Holdings, 233 

Ohtsu, Japan), according to the manufacturer’s instructions. qPCR was performed using a 234 

real-time PCR system (LightCycler® Nano System, Basel, Switzerland) with the synthesized 235 

cDNA, which was diluted five times, as the template. Amplification was performed at a final 236 

volume of 15 μL, containing 1 μL of the cDNA template, 7.5 μL of 2X SYBR (FastStart 237 

Universal SYBR Green Master, Roche, Basel, Switzerland), 1.5 μL of each primer (5 μM 238 

each), and 3.5 μL of sterilized water. PCR was performed as follows: 95 °C for 10 min, 239 

followed by 40 cycles of 95 °C for 10 s, 56 °C for 10 s, and 72 °C for 15 s. The reaction used 240 

primers for the type I procollagen α1 gene Col1a1 (COL1A1-F: 5′-AAC CCG AGG TAT 241 

GCT TGA TCT-3′ and COL1A1-R: 5′-CCA GTT CTT CAT TGC ATT GC-3′) and Gapdh 242 

(GAPDH-F: 5′-TCC CAC TCT TCC ACC TTC-3′ and GAPDH-R: 5′-CTG TAG CCG TAT 243 

TCA TTG TC-3′) (Kanazawa et al., 2008; Yoshimoto et al., 2009). Relative gene expression 244 

was calculated using the 2−ΔΔCT method with Gapdh as the internal control (Schmittgen & 245 

Livak, 2008). Data have been expressed as relative values normalized based on the control 246 
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well (EFW only). 247 

Collagen production was quantified by the SircolTM Soluble Collagen Assay (Biocolor 248 

Ltd., Carrickfergus, Northern Ireland, UK) according to the manufacturer’s instruction. In 249 

this experiment, L929 cells (1.2 × 104 cells/well) were seeded in 24-well plates. The culture 250 

medium was sampled on Days 3 and 6 to measure the collagen content in the medium. On 251 

Day 3, a new culture medium was added after the sampling. On Day 6, 0.1 mg/mL pepsin in 252 

0.5 M acetic acid was added after the sampling of the medium, and the wells were incubated 253 

overnight at 4 °C to extract collagen from the extracellular matrix (ECM) secreted by L929 254 

cells during the culture. In the ECM, collagen molecules assembled into fibrils and became 255 

insoluble. Pepsin can remove the terminal non-helical telopeptides of collagen molecules to 256 

release them into the extract. Prior to the assay, the samples were concentrated using the 257 

isolation and concentration reagent provided in the kit. In the case of the extracted samples, 258 

those from three wells were mixed to make one test-sample as the collagen concentration was 259 

low. Then, the collagen concentrations were quantified using a Sircol assay kit according to 260 

the manufacturer’s instructions. The collagen test was conducted in triplicate for each sample. 261 

The amount of soluble collagen secreted into the culture medium was obtained as the sum of 262 

collagen in the media on Days 3 and 6. 263 

2.4.4. Fibroblast migration 264 

To assess the effects of BP-sCS on the migration of fibroblasts, the scratch assay was 265 

conducted using the methods described by Liang et al. (2007) with minor modifications. 266 

Briefly, L929 cells (1.2 × 104 cells/well) were seeded in 24-well plates with a reference point 267 
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in each well, and when the cells reached confluence, a scratch through the reference point in 268 

the cell monolayer was generated using a sterile 200-μL pipette tip. The wells were washed 269 

with HBSS to remove debris, and the culture medium containing each sample was added. For 270 

the scratch-oxidative stress tests, AAPH was added to the culture medium at a final 271 

concentration of 5 or 2.5 mM (Alvarez-Suarez et al., 2016).  272 

The scratch was gradually occupied with the fibroblasts migrating from the non-scratched 273 

area during the culture. Thus, time-course changes on the area of each scratch were observed 274 

and photographed under a microscope (DMI600B, Leia, Wetzlar, Germany), and the images 275 

obtained for each well were quantitatively analyzed using the ImageJ software (1.52a, 276 

National Institutes of Health, USA). In brief, the scratch was defined as the region of interest, 277 

and its area was measured using the software. The fibroblast-migration activity was assessed 278 

as the repair rate (percentage scratch closure) calculated as follows: 279 

Repair rate (%) = [area (0 h) − area (x h)]/area (0 h) × 100, 280 

where area (0 h) and area (x h) indicate the scratch area at time 0 and time x (x = 6, 12, 24, 281 

30, and 36 h), respectively. 282 

2.5. Statistical analyses 283 

Data have been expressed as the mean ± standard error. Statistical analyses were 284 

conducted using Student’s t-test, Dunnett’s test, or the Steel-Dwass test after ANOVA with 285 

the Microsoft Excel add-in statistical software (SSRI, Tokyo, Japan).  286 

3. Results and discussion 287 
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3.1. Antioxidant activity of BP-sCS 288 

3.1.1 Free-radical scavenging activity 289 

We examined the antioxidant activity of BP-sCS using ABTS and the DPPH scavenging 290 

assays and found that BP-sCS exhibited a strong antioxidant activity, particularly in the 291 

ABTS radical scavenging assay (Fig. 1A). At concentrations over 1 mg/mL, BP-sCS was able 292 

to scavenge almost all the ABTS radicals, which was the same as VC. Although CSp 293 

displayed no activity in the DPPH or ABTS assays, Pa-CP was able to scavenge radicals in a 294 

dose-dependent manner; therefore, type II CP, not CSp, is one of the critical antioxidant 295 

components in BP-sCS. 296 

Next, we separated CSp and the peptides in BP-sCS using a 3000 Da MWCO 297 

ultrafiltration membrane. Tricine-SDS-PAGE revealed that the <3000 Da fraction of BP-sCS 298 

contained only peptides (Supplementary Fig. 1C), which may include type II CP and non-299 

collagenous peptides. Similarly, we separated the <3000 Da fraction of Pa-CP and compared 300 

the ABTS radical scavenging activity of the <3000 Da BP-sCS and Pa-CP fractions (1 301 

mg/mL). Antioxidant activity was significantly higher in the <3000 Da BP-sCS fraction than 302 

that in Pa-CP (Fig. 2A), suggesting that non-collagenous peptides in BP-sCS contribute to its 303 

antioxidant activity. 304 

Further, we analyzed the MW distribution of the <3000 Da BP-sCS and Pa-CP fractions 305 

via size exclusion chromatography (Fig. 2B) and found that BP-sCS contained more 306 

<1000 Da peptides and less 3000‒5000 Da peptides than Pa-CP. Membrane retention depends 307 

not only on the solute’s molecular size but also on its shape. The MWCO membrane cannot 308 
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fully reject the molecules whose MW is above their nominal MWCO (Sun et al., 2011). 309 

Therefore, the <3000 Da fractions of BP-sCS included 3000‒5000 Da peptides. Many studies 310 

have reported that peptides with a lower MW exhibit a stronger antioxidant activity (Agrawal 311 

et al., 2019; Nwachukwu & Aluko, 2019; Zou et al., 2016), and it has been suggested that 312 

smaller peptides may expose more bioactive fragments via hydrolysis (Zou et al., 2016). 313 

Therefore, the peptides with a lower MW in BP-sCS may also be responsible for its high 314 

antioxidant activity.  315 

3.1.2 Protection of cells from oxidative stress 316 

H2O2 generates free radicals; thus, it is commonly used to induce cell death and study 317 

oxidative stress (Canas et al., 2007). In this study, we established an H2O2-induced oxidative 318 

stress model (Fig. 3A), in which the addition of 0.5 mM H2O2 significantly reduced cell 319 

viability/activity to approximately 70% that of the control cells, as quantified by the CCK-8 320 

assay. Treating cells with 1 mg/mL of BP-sCS significantly reduced the H2O2-induced 321 

damage, increasing their viability/activity to approximately 50% that of the control cells. Pa-322 

CP demonstrated a smaller protective effect than BP-sCS, and the treatment with CSp did not 323 

affect cell viability/activity.  324 

We also produced another oxidative stress model using AAPH, which initiates free-325 

radical reactions by generating radicals at a constant rate of 37 °C. Thus, AAPH acted more 326 

slowly and had gentler effects than H2O2. AAPH (5 mM) treatment for 24 h reduced the cell 327 

viability to approximately 50% that of the control group, which was gentler than the H2O2 328 

treatment (70%) (Fig. 3B). Treatment with BP-sCS or Pa-CP significantly increased the cell 329 
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viability/activity compared with that in the EFW group. CSp was again ineffective. Taken 330 

together, the results from the H2O2 and AAPH models indicate that peptides, but not CSp, 331 

were the major compounds in BP-sCS, which have significant cytoprotective activities 332 

against oxidative stress. This is consistent with the previous studies in which peptides derived 333 

from the tilapia skin, lantern fish hydrolysate, and microalgae were found to exert 334 

cytoprotective effects under AAPH- and H2O2-induced oxidative stresses (Chai et al., 2016; 335 

Zeng et al., 2018; Zheng et al., 2018). Davalos et al. (2004) reported that among the amino 336 

acids, tryptophan, tyrosine, and methionine exhibited the highest antioxidant activity, 337 

followed by cysteine, histidine, and phenylalanine. Glycine and proline also play significant 338 

roles in the antioxidant activity of peptides (Li et al., 2017). Thus, the antioxidant activity 339 

must be the common biological activity of peptides, and the activity seems to be based on 340 

their amino acid sequence. In addition, BP-sCS contained more <1000 Da peptides and less 341 

3000‒5000 Da peptides than Pa-CP (Fig. 2B). Therefore, the peptides with a lower MW in 342 

BP-sCS, which may expose more bioactive fragments, has a higher potency of antioxidant 343 

activity.  344 

3.1.3 Reduction of intracellular ROS production  345 

Next, we examined whether the compounds in BP-sCS could reduce H2O2-induced 346 

intracellular ROS production using a fluorescent probe, whose fluorescence increases as free 347 

radicals are generated within a cell (Ahn et al., 2012). Exposing L929 cells to 0.5 mM H2O2 348 

significantly increased the intracellular ROS production (Fig. 4), whereas the ROS 349 

production was significantly reduced when the cells were treated with the positive control 350 
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(VC) or 1 mg/mL of BP-sCS. The same concentration of Pa-CP and CSp could prevent 351 

intracellular ROS production, although they exhibited no significant cell-protective effects 352 

against H2O2-induced oxidative stress.  353 

Cellular antioxidant enzymes can deactivate intracellular ROS before they attack cellular 354 

components and maintain cellular redox homeostasis (Tao et al., 2018). Non-collagenous 355 

peptides and CS-A from cartilage have been reported to increase the intracellular levels of 356 

antioxidant enzymes under oxidative stress (Canas et al., 2007; Tao et al., 2018). CS-A is the 357 

second major component and occupies 26.6% of the skate CS (Supplementary Table 1). 358 

Therefore, BP-sCS could regulate the antioxidant enzymes, at least in part, through its CS-A 359 

and non-collagenous peptides and reduce intracellular ROS. Although the relationships 360 

between type II CP and antioxidant enzymes remain unclear, the collagen hydrolysate from 361 

Nile tilapia skin (type I CP) enhanced the activities of antioxidant enzymes to alleviate 362 

oxidative stress (Wang et al., 2018). Thus, we believe that type II CP also influences 363 

antioxidant enzymes.  364 

In these experiments, the sample-containing culture medium had already been changed 365 

to that without samples before H2O2 was added; thus, peptides and CS may have been 366 

transported into cells via cell surface transporters or membrane channels to exert their 367 

antioxidant activities. Alternatively, they may have bound cell surface receptors to produce 368 

intracellular effects. Several peptide transporters (PEPTs) and CS receptors have been 369 

reported. For instance, PEPT-1 was found to be involved in the cellular uptake of peptides in 370 

skin keratinocytes (Kudo et al., 2016). Moreover, Zheng et al. (2018) reported that fish skin 371 

peptides failed to inhibit ROS production in H2O2-exposed porcine enterocytes with PEPT1 372 
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knockdown. In addition, CS chain receptors, such as Toll-like receptor 2 and annexin 6, have 373 

been identified on the surface of fibroblasts (Takagi et al., 2002; Wu et al., 2018). These 374 

studies strongly suggest that the antioxidative effects of BP-sCS depend on transporter- and 375 

receptor-related signaling pathways.  376 

3.2. Effect of BP-sCS on L929 fibroblast activity  377 

3.2.1 Fibroblast proliferation/metabolism 378 

To evaluate their effect on fibroblast proliferation/metabolism, L929 cells were treated 379 

with 0.01 mg/mL, 0.1 mg/mL, or 1 mg/mL of BP-sCS, Pa-CP, or CSp for up to 7 d (Fig. 5). 380 

No significant effects were observed after 3 d (Fig. 5A); however, Pa-CP and CSp 381 

significantly enhanced L929 fibroblast proliferation/metabolism in a dose-dependent manner 382 

after 7 d (Fig. 5B). The lowest effective concentrations of Pa-CP and CSp were 0.01 and 0.1 383 

mg/mL, respectively, whereas BP-sCS significantly activated fibroblast 384 

proliferation/metabolism at 1 mg/mL. Thus, high BP-sCS concentrations promote fibroblast 385 

proliferation/metabolism, and its activity is mainly due to type II CP and CSp. 386 

Previously, we found that skate CS polysaccharides accelerated 3T3-L1 fibroblast 387 

proliferation/metabolism (Li et al., 2019), whereas several studies have reported the fibroblast 388 

proliferation activity of type I collagen-derived peptides. For example, collagen peptides 389 

from the Asian sea bass were found to promote L929 fibroblast proliferation (Benjakul et al., 390 

2018), whereas those from tilapia scales were shown to stimulate human skin fibroblast 391 

proliferation (Chai et al., 2010). However, this study is the first to report the effects of type II 392 

peptides on fibroblast proliferation/metabolism.  393 
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3.2.2 Collagen production 394 

Type I collagen is secreted by skin fibroblasts during wound healing to construct a new 395 

extracellular matrix (Broughton et al., 2006). In this study, we first analyzed the type I 396 

collagen α1 chain (Col1a1) mRNA expression. Cell proliferation assays determined the 397 

effective BP-sCS dose (1000 μg/mL) for subsequent experiments. As can be seen from Figure 398 

6A, BP-sCS slightly and transiently activated the Col1a1 gene expression compared with that 399 

in control. Neither Pa-CP nor CSp increased the Col1a1 expression. These results indicate 400 

that BP-sCS stimulates type I collagen synthesis at the mRNA transcriptional level, whereas 401 

the minimal effect of Pa-CP and CSp suggests that the BP-sCS activity is mainly due to non-402 

collagenous peptides.  403 

Next, we monitored the effects of BP-sCS on collagen production by fibroblasts in two 404 

phases: the soluble collagen secreted into the culture medium and the insoluble collagen 405 

incorporated into the ECM. The results indicated that BP-sCS significantly lowered the 406 

soluble collagen level of the culture medium but significantly increased the collagen level in 407 

the ECM (Fig. 6B). These data indicated that BP-sCS changed the distribution ratio of 408 

collagen produced by fibroblasts, i.e., BP-sCS induced more collagen to deposit into the 409 

ECM and less collagen to secrete into the culture medium. The cell number increased by 410 

1.94-fold, and the ECM collagen levels increased by 2.83-fold in the BP-sCS group 411 

compared with that in the EFW group during a week of culture (Figs. 5, 6B). This suggests 412 

that the increase in ECM collagen is due to not only the cell proliferation-promoting activity 413 

but also the collagen deposition-promoting activity of BP-sCS. Several previous reports have 414 

demonstrated that type I CP and non-collagenous peptides increased the intracellular collagen 415 
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contents of fibroblasts (Zeng et al., 2018) or accelerated the secretion of collagen into the 416 

culture medium by fibroblasts (Benjakul et a., 2018; Chotphruethipong et al., 2019; Pozzolini 417 

et al., 2018; Zague et al., 2018). However, to the best of our knowledge, this is the first study 418 

that reports the promotion of collagen deposition into the ECM. Although the precise 419 

mechanism of BP-sCS that stimulates collagen deposition into the ECM is not revealed by 420 

this study, non-collagenous ECM proteins, such as small leucine-rich proteoglycans, secreted 421 

by fibroblasts may regulate it as they play critical roles in collagen fibrillogenesis (Taye et al., 422 

2020). The effects of BP-sCS on non-collagenous ECM proteins should be studied in the 423 

future.  424 

3.2.3 Fibroblast migration 425 

The scratch assay is particularly suitable for studying cell migration during wound 426 

healing (Liang et al., 2007). As presented in Figure 7A, treatment with BP-sCS, Pa-CP, or 427 

CSp (1 mg/mL) tended to transiently and slightly increase L929 fibroblast migration during 428 

the first 12 h, whereas the scratch healed in all groups after 24 h. Hu et al. (2017) prepared 429 

peptides via hydrolyzation of tilapia skin type I collagen with neutral protease and papain and 430 

demonstrated that the peptides significantly enhanced the migration of HaCaT keratinocytes. 431 

Therefore, the different amino acid compositions and MW distributions of the peptides may 432 

vary their effects on cell migration. Moreover, peptides may differently affect the migration 433 

of keratinocytes and fibroblasts. In addition, Zou et al. (2009) showed pure CS-C and CS-A 434 

had a migration-promoting activity of human dermal fibroblasts. CS polysaccharides 435 

obtained from animal sources are a mixture of non-, mono-, and disulfated disaccharides. The 436 
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functionality of CS polysaccharides depends on their composition, which varies depending on 437 

their species of origin (Li et al., 2019). Therefore, the difference in fibroblast migration 438 

activity between the report of Zou et al. (2019) and the present study may be due to the 439 

compositional differences of CS.  440 

Next, we examined fibroblast migration under oxidative stress to simulate chronic 441 

wound conditions. Treatment with 5-mM AAPH significantly reduced fibroblast migration 442 

but was significantly counteracted by Pa-CP (Fig. 7B). A lower concentration of AAPH (2.5 443 

mM) had a weaker inhibitory effect on fibroblast migration (Fig. 7C). Under this condition, 444 

Pa-CP and BP-sCS stimulated fibroblast migration, although the differences were 445 

insignificant. After 24 h, fibroblasts in the EFW and CSp groups started to die, and the 446 

scratch site enlarged (Fig. 7C); however, the cells did not die, and the scratch did not enlarge 447 

in the BP-sCS and Pa-CP groups (Fig. 7C). After 48 h, the fibroblasts in the control group (no 448 

AAPH) contacted each other, and the scratch completely closed (Fig. 7D), whereas the 449 

AAPH-stressed fibroblasts (EFW (AAPH) group in Fig. 7D) shrank and separated from each 450 

other, which could be the result of cell contraction and reduced cell number due to oxidative 451 

damage. Although the scratch in the BP-sCS and Pa-CP groups did not close, the AAPH-452 

stressed fibroblasts in these groups (BP-sCS + AAPH and Pa-CP + AAPH groups in Fig. 7D) 453 

retained their normal morphology, and no further enlargement of the scratch was observed. 454 

Therefore, BP-sCS may counteract the inhibitory effects of oxidative stress on fibroblast 455 

migration, likely due to type II CP (Pa-CP), which significantly enhances fibroblast migration 456 

under oxidative stress (Fig. 7B), consistent with the results of the antioxidant assay. 457 

Excessive ROS levels are an essential feature of chronic, non-healing wounds (Schäfer & 458 
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Werner, 2008); therefore, the counteractivity of BP-sCS against ROS-induced loss of 459 

fibroblast migration may be beneficial for chronic wound healing. A similar scratch-based 460 

oxidative stress model previously demonstrated the antioxidant activity of honey, which 461 

protected fibroblasts against oxidative damage and promoted fibroblast migration (Alvarez-462 

Suarez et al., 2016). This study is the first to report the activity of fish by-products on 463 

fibroblast migration under oxidative stress.  464 

4. Conclusion 465 

BP-sCS, a presently wasted by-product of skate CS extraction, is a combined 466 

preparation of skate CSp, type II CP, and non-collagenous peptides. It exhibits antioxidant 467 

activities, protects fibroblasts from oxidative stresses, promotes fibroblast 468 

proliferation/metabolism, and counteracts oxidative stress damage that inhibits fibroblast 469 

migration. We also found that the type II CP and non-collagenous peptides exhibited 470 

antioxidant activities, whereas CSp and type II CP showed fibroblast activating properties; 471 

however, none of these purified compounds exhibited all the bioactivities of BP-sCS 472 

independently. Although many studies have reported the activities and applications of CS or 473 

peptides as bioactive compounds, the industrial applications of BP-sCS, involving low-cost, 474 

environmentally friendly products that are uncontaminated with zoonosis pathogens and are 475 

subject to no religious objections, have not been considered. These advantages make BP-sCS 476 

a competitive potential bioactive compound, such as a healing promoter of chronic wounds. 477 

This study is the first step toward the realization of a sustainable CS production industry 478 

based on the utilization of wastes with bioactivity capabilities. However, our preliminary 479 
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estimation revealed that CS and BP-sCS occupy approximately 6% of by-products after skate 480 

processing. Although skin (10% of by-products) is used for collagen production, a large part 481 

of by-products is still not efficiently used. Further studies on the under-utilized sections of 482 

by-products will be conducted in the future. 483 
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Figure captions 631 

Fig. 1. ABTS (A) and DPPH (B) radical scavenging activities of the by-product of skate 632 

chondroitin sulfate production (BP-sCS), the papain-hydrolyzed type II collagen peptides 633 

(Pa-CP), and the chondroitin sulfate polysaccharides (CSp). Values have been expressed as 634 

the mean ± standard error (n = 3). 635 

 636 

Fig. 2. ABTS radical scavenging activities (A) and molecular weight distributions (B) of 637 

<3000 Da fractions of the by-product of skate chondroitin sulfate production (BP-sCS) and 638 

the papain-hydrolyzed type II collagen peptides (Pa-CP). BP-sCS <3, BP-sCS fraction of less 639 

than 3000 Da; Pa-CP <3, Pa-CP fraction of less than 3000 Da. Columns and bars indicate the 640 

mean value ± standard error (n = 3). ** p <0.01, the Student’s t-test.  641 

 642 

Fig. 3. Effects of the by-product of skate chondroitin sulfate production (BP-sCS), the 643 

papain-hydrolyzed type II collagen peptides (Pa-CP), and the chondroitin sulfate 644 

polysaccharides (CSp) against (A) H2O2- and (B) AAPH-induced oxidative stress on the 645 

L929 fibroblast proliferation/metabolism. Control groups were not treated with oxidants. 646 

Oxidative stress was induced in all other groups using H2O2 (A) or AAPH (B). Sample 647 

concentration, 1 mg/mL. EFW, endotoxin-free water. Columns and bars indicate the mean 648 

value ± standard error (n = 12‒16). # p <0.05, ## p <0.01 compared to the control group (the 649 

Steel-Dwass test). Different letters denote significant differences between groups (p <0.05, 650 

the Steel-Dwass test). 651 
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 652 

Fig. 4. Effects of the by-product of skate chondroitin sulfate production (BP-sCS), the 653 

papain-hydrolyzed type II collagen peptides (Pa-CP), and the chondroitin sulfate 654 

polysaccharides (CSp) on the H2O2-induced intracellular ROS production. Control groups 655 

were not treated with H2O2. Oxidative stress was induced in all other groups using 0.5 mM 656 

H2O2. EFW, endotoxin-free water; VC, Vitamin C 0.2 mg/mL; BP-sCS 0.01, BP-sCS  0.01 657 

mg/mL; BP-sCS 0.1, BP-sCS 0.1 mg/mL; BP-sCS 1, BP-sCS 1 mg/mL; Pa-CP 0.01, Pa-CP 658 

0.01 mg/mL; Pa-CP 0.1, Pa-CP 0.1 mg/mL; Pa-CP 1, Pa-CP 1 mg/mL; CSp 0.01, CSp 0.01 659 

mg/mL; CSp 0.1, CSp 0.1 mg/mL; CSp 1, CSp 1 mg/mL. Columns and bars indicate the 660 

mean value ± standard error (n = 9‒10). Different letters denote significant differences 661 

between groups (p <0.05, the Steel-Dwass test). 662 

 663 

Fig. 5. Effect of the by-product of skate chondroitin sulfate production (BP-sCS), the papain-664 

hydrolyzed type II collagen peptides (Pa-CP), and the chondroitin sulfate polysaccharides 665 

(CSp) on the L929 fibroblast proliferation/cell metabolism. Values have been expressed 666 

relative to the corresponding endotoxin-free water (EFW) control. BP-sCS 0.01, BP-sCS  667 

0.01 mg/mL; BP-sCS 0.1, BP-sCS 0.1 mg/mL; BP-sCS 1, BP-sCS 1 mg/mL; Pa-CP 0.01, Pa-668 

CP 0.01 mg/mL; Pa-CP 0.1, Pa-CP 0.1 mg/mL; Pa-CP 1, Pa-CP 1 mg/mL; CSp 0.01, CSp 669 

0.01 mg/mL; CSp 0.1, CSp 0.1 mg/mL; CSp 1, CSp 1 mg/mL. Columns and bars indicate the 670 

mean value ± standard error (n = 6). Different letters denote significant differences between 671 

groups (p <0.05, the Steel-Dwass test). 672 
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 673 

Fig. 6. Effect of the by-product of skate chondroitin sulfate production (BP-sCS), the papain-674 

hydrolyzed type II collagen peptides (Pa-CP), and the chondroitin sulfate polysaccharides 675 

(CSp) on collagen mRNA expression (A) and the amount of collagen secreted into the culture 676 

medium or the extracellular matrix (ECM) (B) by the L929 fibroblasts. The collagen mRNA 677 

expression levels have been normalized to the internal control (Gapdh) and expressed relative 678 

to the corresponding endotoxin-free water (EFW) control. Sample concentration, 1 mg/mL. 679 

Columns and bars indicate the mean value ± standard error (n = 11‒12 in A and n = 6 in B). * 680 

p <0.05, compared to the EFW control group (the Dunnett's test). ** p <0.01, Student’s t-test. 681 

 682 

Fig. 7. Effect of the by-product of skate chondroitin sulfate production (BP-sCS), the papain-683 

hydrolyzed type II collagen peptides (Pa-CP), and the chondroitin sulfate polysaccharides 684 

(CSp) on the L929 fibroblast migration. (A) The scratch assay without oxidative stress. 685 

Samples concentration, 1 mg/mL. Values have been expressed as the mean ± standard error (n 686 

= 5‒6). # p <0.05 compared to the control group (the Dunnett's test). (B, C) The scratch assay 687 

under the oxidative stress. The control group was not treated with AAPH. Other groups were 688 

treated with 5.0 mM (B) or 2.5 mM (C) AAPH. Samples concentration, 1 mg/mL. Values 689 

have been expressed as the mean ± standard error (n = 5‒6). # p <0.05 compared to the 690 

control group (the Dunnett's test). *p <0.05 compared to the endotoxin-free water (EFW) 691 

group (the Dunnett's test). (D) Photomicrographs of the L929 fibroblasts at 48 h in the scratch 692 

assay under the oxidative stress. Samples concentration, 1 mg/mL. Bars, 250 µm in photos 693 

and enlarged photos. 694 



 

Supplementary Fig.1. Composition of the by-product of skate chondroitin sulfate (BP-sCS)  

(A) BP-sCS contains CS polysaccharides, peptides, minerals and others (lipid, water, and so 

on). The lower graph showed the molecular weight distribution of peptides. 

(B) Tricine-SDS-PAGE of BP-sCS with Coomassie Brilliant Blue (CBB) (left) and Alcian blue 

(right) stains. CBB and Alcian blue stains showed peptides and CS polysaccharides in BP-sCS, 

respectively. M, protein markers. 

(C) Tricine-SDS-PAGE of BP-sCS separated by ultrafiltration membrane. Samples were stained 

with CBB and Alcian blue. CBB and Alcian blue stains showed peptides and CS 

polysaccharides in different fractions of BP-sCS, respectively. < 3000 Da fraction was negative 



to Alcian blue stain, suggesting it contains no CS. M, protein markers; >10, BP-sCS fraction 

of more than 10000 Da; 3–10, BP-sCS fraction of between 3000–10000 Da; < 3, BP-

sCS fraction of smaller than 3000 Da. 

 

  



 

Supplementary Table 1  

The formulations and molecular weights of CSp 

 

Formulations (%) 
Molecular weight 

(kDa) ΔDi-0s 
ΔDi-4s 
(CS-A) 

ΔDi-6s 
(CS-C) 

ΔDi-2,6s 
(CS-D) 

ΔDi-4,6s 
(CS-E) 

CSp 6.5 26.6 60.9 6.5 0.1 37‒250 

Data of formulations for CSp were obtained by Marukyo Bio Foods Co. Ltd. Data of molecular 

weights were obtained by 16.5% tricine-SDS-PAGE stained with Alcian blue.  
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