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Abbreviations 21 

 22 

18S rRNA  18S ribosomal RNA 23 

ABTS•   2, 2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 24 

CCK-8   Cell counting kit-8 25 

DCFH-DA  2′,7′-Dichlorodihydrofluorescein diacetate 26 

DW   Distilled water 27 

DW-P   Autoclaved in DW and hydrolyzed with papain 28 

DW-P+B  Autoclaved in DW and hydrolyzed with papain and bromelain 29 

EFW   Endotoxin-free water 30 

EU   Endotoxin unit 31 

GPX1   Glutathione peroxidase-1 32 

HBSS   Hanks’ balanced salt solution 33 

HO1   Heme oxygenase-1 34 

HTP   Head tissue peptide 35 

LMM   Low molecular mass 36 

LPS   Lipopolysaccharide 37 

OH•   Hydroxyl radical 38 

ROS   Reactive oxygen species  39 

SCP   Skin collagen peptide 40 

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 41 

SE   Standard error 42 

STP   Skin tissue peptide 43 

WDW-P  Autoclaved without DW and hydrolyzed with papain 44 

WDW-P+B  Autoclaved without DW and hydrolyzed with papain and bromelain  45 



Highlights 

• We succeeded in producing peptides from unutilized sturgeon head. 

• Peptides with <500 Da are high in head tissue peptide (HTP).  

• In the tube test, HTP showed high ABTS• scavenging activity. 

• HTP significantly protected extracellular and intracellular oxidative stress. 
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Abstract 46 

 47 

The head is a significant, but typically unused, fish by-product. Here, we developed 48 

an industrially applicable new method to make head tissue peptides (HTPs) by autoclaving, 49 

blending and enzymatic hydrolysis of sturgeon head tissue. Four conditions were tested: head 50 

tissue autoclaved in distilled water (DW) and hydrolyzed with papain (DW-P) or papain and 51 

bromelain (DW-P+B), or head tissue autoclaved without DW and hydrolyzed with papain 52 

(WDW-P) or papain and bromelain (WDW-P+B). Among these conditions, DW-P+B 53 

resulted in the highest peptide yield, more peptides of <500 Da, and peptides with the highest 54 

antioxidant activity. Next, the same method produced sturgeon skin tissue peptide (STP) and 55 

skin collagen peptide (SCP) and the bioactivities were compared. The gross yield of HTP per 56 

fish was higher than that of STP and SCP because the sturgeon’s head is ~3 times heavier 57 

than its skin. The HTP contained more reactive oxygen species (ROS)-scavenging amino 58 

acids (Glx, His, Leu, Lys, Met, Phe, Tyr, Val) and showed significantly higher ABTS• 59 

scavenging activity than STP and SCP. The extracellular cell-protection and intracellular 60 

anti-ROS activities of HTP on the application of oxidative stress were similar to those of STP 61 

and SCP. Moreover, HTP showed high transparency and high safety (a low endotoxin level). 62 

All these features suggest that HTP is suitable for percutaneous applications. Extracellular 63 

oxidative stress promotes human skin aging; thus, HTP may be a novel, low-cost ingredient 64 

for antiaging cosmetics. The present study will help to exploit zero industrial discards, 65 

resulting in blue transformation of by-products. 66 

 67 

Keywords: sturgeon's by-product, hydrolysate, production, antioxidant  68 
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1. Introduction 69 

 70 

According to FAO (2022), fishery by-products are increasing because of growing 71 

global fish production and processing. The developing Asian aquaculture practices lead the 72 

trend. Fish by-products have been globally diverted to produce low-cost fishmeal (27%) and 73 

fish oil (48%) or discarded as waste, resulting in economic losses and environmental 74 

deterioration (FAO, 2022; Le Gouic et al., 2019). Due to the global crisis of energy and food 75 

as well as climate change, it is a time to search for new resources and increase their usage 76 

(Chen et al., 2020). In addition, production technologies must consider zero discards. 77 

Therefore, FAO listed the "repurposing, reuse and recycling, and the valorization of waste 78 

products" as one of the nine blue transformations of Asian aquaculture.  79 

Fish by-products are a good source of peptides (Henriques et al., 2021; Le Gouic et 80 

al., 2019), which can be natural antioxidants. They are considered sustainable alternatives to 81 

peptides from livestock by-products, which have risks of infectious diseases and religious 82 

objections (Al Khawli et al., 2020; León-López et al., 2019). Antioxidants support healthy 83 

aging, scavenging free radicals to prevent disorders (Loboda et al., 2016; Tan et al., 2018). 84 

For example, antioxidants donate electrons to free radicals, balance redox reactions, decrease 85 

oxidative stress (Lobo et al., 2010; Sharma and Kim, 2021), and keep human skin healthy as 86 

anti-aging compounds (Liu et al., 2022). Several natural or synthetic antioxidants, such as 87 

vitamin C, vitamin E, and butylated hydroxytoluene, are commercially available; however, 88 

prolonged use is toxic or contributes to allergic contact dermatitis (Ham et al., 2020; Kosari 89 

et al., 2010). On the other hand, collagen and protein hydrolysates are natural antioxidants 90 

widely accepted for their low antigenicity, biocompatibility, and biodegradability (Aguirre-91 

Cruz et al., 2020; Henriques et al., 2021; León-López et al., 2019). Moreover, they have 92 



5 
 

bioactivities to activate fibroblasts (Chan et al., 2020; Chen et al., 2020; Edgar et al., 2018; Li 93 

et al., 2021b), which metabolize skin dermis to keep skin healthy.  94 

The major fish by-products used for peptide production are skin (Abuine et al., 2019; 95 

Park and Jo, 2019) and viscera (FAO, 2022). However, fish heads remain unutilized, though 96 

they usually account for 9–12% of total fish weight (FAO, 2022) and, in some species like 97 

sturgeon, occupy the dominant weight of the fish body (17% of total body weight; Islam et 98 

al., 2020; 2021). Many heads with other body parts are discarded as waste from the sturgeon 99 

aquaculture because its primary marketable product is only caviar. Therefore, developing 100 

effective methods to transform fish heads into highly value-added products is a matter of 101 

emergency need. Although, in the case of sturgeon, the use of skin as a source of collagen, 102 

gelatin, and collagen peptides has been studied (Atef et al., 2021; Meng et al., 2019; Nikoo et 103 

al., 2014; Zhang et al., 2014, 2019, 2020), the head is left unused except in our previous 104 

studies on gelatin (Islam et al., 2020, 2021). 105 

Therefore, in this study, we report a trial to produce antioxidant peptides from 106 

sturgeon heads, a complex mixture of collagen-rich tissues (e.g., skin or scales) and collagen-107 

poor tissues (e.g., muscle or gills). The difficulty lies in the hardness of the head. 108 

Consequently, the sturgeon heads were first autoclaved to soften them and then blended. 109 

Then, considering the large-scale productivity, the relatively low-cost proteolytic enzymes 110 

such as papain and bromelain (Table 1) were adopted for the industrial production of the 111 

peptides. The adopted procedures produced smaller peptides with higher bioactivities, e.g., 112 

antioxidant activity, than other proteolytic enzymes (Li et al., 2021a; Slizyte et al., 2016, 113 

2018). Thus, finally, the antioxidant activities of the peptides produced from the sturgeon 114 

head were compared with those produced from the skin.  115 

 116 

2. Materials and methods 117 
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 118 

2.1. Production of peptides 119 

 120 

Heads of bester sturgeon (355.0 ± 15.6 g, mean ± SE) and skin samples were 121 

collected from a fish processing plant (Bifuka Shinko Kosha, Bifuka, Japan) and stored at 122 

−20 °C. Heads were thawed at 4 °C for overnight, washed, and weighed. Each head was 123 

placed in a stainless-steel bucket (200 mm diameter × 220 mm height; Tsubame Bussan, 124 

Niigata, Japan) and pre-autoclaved (121 °C, 100 kPa) for 10 min. The skull cartilage, which 125 

accounts for approximately 9.6 ± 0.3% of the head weight, was manually separated from the 126 

head after the autoclaving (Supplementary Fig. 1) and stored at −30 °C for later use as a 127 

source of type II gelatin or chondroitin sulfate. The remaining head tissues (89.7 ± 0.3%), 128 

defined as mixed tissue, were ground into a paste and used to produce head tissue peptides 129 

(HTPs). In our previous study, the wet weight ratio of each tissue in the mixed tissue to head 130 

weight was 6.7% bones, 6.3% pectoral fins, 11.4% gills, 26.2% muscle, 5.6% scales, 7.7% 131 

skin, and 6.8% small cartilages from kalamtra sturgeon (Islam et al., 2020). Four conditions 132 

were applied for HTP production (Supplementary Fig. 1). 1) DW-P: samples were autoclaved 133 

for 15 min, defatted in ethanol for 24 h, autoclaved in distilled water (DW) again for 15 min, 134 

and hydrolyzed with papain. 2) DW-P+B: samples were pretreated as DW-P and hydrolyzed 135 

with papain and bromelain. 3) WDW-P: samples were autoclaved without DW for 30 min, 136 

defatted in ethanol for 24 h, and hydrolyzed with papain. 4) WDW-P + B: samples were 137 

pretreated as WDW-P and hydrolyzed with papain and bromelain. The final concentration of 138 

each enzyme was 0.625% (dry weight enzyme per wet weight tissue), and the hydrolysis 139 

condition was 50 °C, 4 h at pH 7.0. The concentration and hydrolysis condition of papain 140 

were considered following Ji et al. (2013), Li et al. (2021a), and Noman et al. (2018). A 141 
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mixture of papain and bromelain was applied following Slizyte et al. (2016, 2018) with minor 142 

modifications. 143 

Skin tissue peptide (STP) and skin collagen peptide (SCP), the latter prepared from 144 

purified skin collagen, were produced using the same conditions for DW-P+B-treated head 145 

samples. Skin samples were a mixture of bester (Huso × Acipenser ruthenus) and kalamtra 146 

(Huso dauricus × Acipenser schrenckii × Acipenser transmontanus) sturgeon. The skin 147 

collagen was purified as described by Islam et al. (2021).  148 

 149 

2.2. Molecular mass distribution of peptides  150 

 151 

The molecular mass distribution of peptide samples was determined by size exclusion 152 

chromatography using a TSKgel G2500PWXL column (7.5 mm × 300 mm; Tosoh Bioscience, 153 

Tokyo, Japan), following the method reported by Fekete et al. (2014) and Li et al. (2021a). 154 

The mobile phase was 35% acetonitrile with 0.05% trifluoroacetic acid (pH 2.1) at a flow rate 155 

of 0.8 mL/min (~25 °C). The elution peaks were detected at 214 nm. Insulin (5807 Da), 156 

vitamin B12 (1355 Da), and glutathione (307 Da) were used as standards. A 30-µL aliquot of 157 

sample or standard was injected into a high-performance liquid chromatography system 158 

(10AVP, Shimadzu Corporation, Tokyo, Japan). The amount of each molecular mass fraction 159 

was calculated as:  160 

Molecular mass fraction (%) = (SAF/SAC) × 100 161 

where SAF is the area of the fraction (<500 Da, 500 Da–1 kDa, 1–3 kDa, 3–5 kDa, or >5 kDa) 162 

in the chromatogram and SAC is the total area of the chromatogram. 163 

 164 

2.3. Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) 165 

 166 
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Tricine-SDS-PAGE was performed following the method of Schägger (2006) and 167 

Islam et al. (2021).  168 

 169 

2.4. Amino acid composition and collagen-derived peptide content in the total protein 170 

fraction 171 

 172 

 The amino acid composition in the total protein fraction and the collagen-derived 173 

peptide content in the total protein fraction of peptides were quantified as described in our 174 

previous study (Islam et al., 2021). Briefly, three replicates of each sample were mixed and 175 

hydrolyzed in 6 M HCl at 110 °C for 24 h. Next, the hydrolysates were dried by evaporation 176 

and dissolved in a citric acid buffer solution, and amino acid concentrations were quantified 177 

using an automated amino acid analyzer (L-8900, Hitachi High-Technologies Corporation, 178 

Tokyo, Japan). Tryptophan was not quantified because it cannot be detected using this 179 

method. Then, the collagen-derived peptide content in the total protein (CCp; %) was 180 

calculated as Hyp in the sample per Hyp in the purified collagen, where Hyp is the number of 181 

hydroxyproline residues per 1000 amino acid residues; Hyp is an amino acid specifically 182 

carried in collagen molecules. Purified collagen was used as the standard, defined as 183 

containing 100% collagenous protein.  184 

 185 

2.5. Proximate composition  186 

 187 

 The proximate composition of samples was measured according to Islam et al. (2021). 188 

Briefly, the collagen-derived peptide content (CCs) and non-collagenous protein-derived 189 

peptide content (NCCs) in samples were calculated using the following formulae: 190 

 CCs (%) = [(Hyp of the sample)/(Hyp of the purified collagen)] × 100  191 
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 NCCs (%) = [100 (CCs/CCp) – CCs] 192 

Lipid and ash contents were measured following the method of previous reports 193 

(AOAC 2000, # 920.153; Bligh and Dyer, 1959; Islam et al., 2021). Finally, the remaining 194 

non-proteinaceous substances, such as carbohydrates, were determined as the remainder after 195 

summing the collagen, non-collagenous protein, lipid, and ash and subtracting their content 196 

from the total mass of a sample. 197 

 198 

2.6. Transparency of peptide solutions 199 

 200 

The absorbance of sample solutions (w/v 1%) was measured using a 201 

spectrophotometer at 600 nm (UH5300, Hitachi, Tokyo, Japan), following Islam et al. (2021). 202 

The formula for calculating transparency (%) was as follows:  203 

Transparency (%) = 10–(Absorbance at 600 nm) × 100 204 

 205 

2.7. Endotoxin levels 206 

 207 

The endotoxin levels in peptide samples were measured using a Limulus Amebocyte 208 

Lysate assay (Endospecy® ES-24S Kit, Seikagaku Corporation, Tokyo, Japan), in line with 209 

the instructions of the manufacturer. 210 

 211 

2.8. In vitro antioxidant activities of peptides 212 

2.8.1. Test tube-based antioxidant activities  213 

 214 
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In test tube-based assays, antioxidant activities of one electron and hydrogen-atom 215 

sharing free radicals—2, 2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•) and 216 

hydroxyl radical (OH•), respectively—were applied. 217 

ABTS• scavenging activity was measured following Chi et al. (2015a). Briefly, ABTS 218 

stock solution (7 mM) was mixed with K2S2O8 (2.45 mM) at a ratio of 2:1 (v/v) and kept in 219 

the dark for 16 h at room temperature (~25 °C). After diluting the solution with 5 mM 220 

phosphate-buffered saline (pH 7.4), the absorbance at 734 nm was adjusted to 0.700 ± 0.02. 221 

Next, the solution was mixed with peptide samples dissolved in DW at a ratio of 1:1 (v/v) and 222 

incubated for 10 min in the dark. The absorbance was measured at 734 nm using a 223 

spectrophotometer (UH5300, Hitachi), and the scavenging activity was calculated as: 224 

ABTS• scavenging activity = [(SA – NA)/(NA)] × 100 (%)  225 

where SA and NA are the absorbances of the treated sample and a bank control (DW), 226 

respectively. 227 

The OH• scavenging activity was measured as reported by Chi et al. (2015a). Peptide 228 

samples in DW were mixed with 1, 10-phenanthroline (1.865 mM), FeSO4·7H2O (1.865 229 

mM), and H2O2 (0.03% v/v) at a ratio of 2:1:1:1 (v/v), and incubated for 60 min at 37 °C. 230 

Then, the absorbance at 536 nm was measured, and the scavenging activity was calculated as: 231 

OH• scavenging activity = [SA – NA]/[BA – NA] × 100 (%) 232 

where SA, NA, and BA are the absorbances of the treated sample with H2O2, a blank control 233 

(DW), and a sample without H2O2 (a negative control), respectively. 234 

 235 

2.8.2. Extracellular antioxidant activities 236 

 237 

Mouse fibroblast L929 cells (RCB1451, RIKEN, Tsukuba, Japan) were seeded at 238 

1.2×104 cells/well in 96-well culture plates and incubated in a humidified atmosphere at 239 
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37 °C with 5% CO2. The cell culture medium was the Minimum Essential Medium (Gibco, 240 

Grand Island, NY, USA) supplemented with 5% fetal bovine serum (Gibco) and 1% 241 

penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Peptide samples 242 

were dissolved in endotoxin-free water (EFW) and sterilized by 0.2-µm syringe filtration.  243 

The assay was conducted following the work of Li et al. (2021b) with minor 244 

modifications. First, cells were incubated until confluence. Then, the culture medium was 245 

changed to a fresh medium containing peptide samples, and the cells were further incubated 246 

for 24 h. After that, a freshly prepared 0.25 mM H2O2 solution was added to each well, and 247 

the cells were incubated for 24 h. In the negative control group, EFW was added instead of 248 

the peptide sample solution.  249 

Finally, cell viability was assessed with a Cell Counting Kit-8 (CCK-8, Dojindo, 250 

Kumamoto, Japan). After washing cells with Hanks’ balanced salt solution (HBSS), the 251 

HBSS was replaced with 10% (v/v) CCK-8 solution in the culture medium and incubated for 252 

30 min. Then, the absorbance was measured at 450 nm using a microplate reader (Infinite 253 

F50, Tecan Japan, Kawasaki, Japan), and the relative cell viability (%) normalized to the 254 

control group, which was not subjected to oxidative stress (i.e., H2O2 treatment), was 255 

obtained. 256 

 257 

2.8.3. Intracellular antioxidant activities 258 

2.8.3.1. Intracellular reactive oxygen species (ROS) levels 259 

 260 

The assay was conducted following Li et al. (2021b) with minor modifications. First, 261 

L929 cells were seeded in black/transparent microtiter 96-well plates (Falcon; Corning 262 

Incorporated, Corning, NY, USA) and incubated until confluence as described above. Then, 263 

cells were treated with samples or EFW in the culture medium for 24 h. After washing with 264 
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HBSS, cells were treated in the dark for 20 min at 37 °C with 20 µM 2′,7′-265 

dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich, St Louis, MO, USA) in 266 

HBSS. DCFH-DA diffuses through the cell membrane and is hydrolyzed into nonfluorescent 267 

dichlorofluorescein (DCFH) by intracellular esterase.  268 

 Next, cells were washed twice with HBSS, and freshly prepared 0.25 mM H2O2 in 269 

HBSS was added. Intracellular DCFH reacts with H2O2 and is oxidized to DCF, a green 270 

fluorescent dye. Thus, DCF revels positively correlated with the intracellular H2O2 levels.  271 

After incubating the cells at 37 °C for 15 min in the dark, DCF was detected with 272 

excitation/emission at 485/535 nm using a microplate reader (WallAc ARVO 1420 273 

Multilabel Counter, PerkinElmer, Waltham, MA, USA). Then, the intracellular ROS level is 274 

expressed as the relative fluorescence intensity normalized to the control group, which was 275 

not subjected to oxidative stress. 276 

 277 

2.8.3.2. Expression of antioxidant genes  278 

 279 

L929 cells were seeded in 24-well culture plates at 1.2×104 cells/well and incubated 280 

until confluence. Cells were treated with peptide samples for 24 h, as described in section 281 

2.8.2. To prevent instability of housekeeping gene expression, no oxidative stress was 282 

applied. Total RNA was extracted using ISOGEN II (Nippon Gene Co., Ltd., Tokyo, Japan) 283 

and quantified with a spectrophotometer (ND-1000, Thermo Fisher Scientific). Next, cDNA 284 

was synthesized from 50 ng of total RNA using a reverse transcription kit (ReverTra Ace® 285 

qPCR RT Master Mix with gDNA remover, Toyobo, Osaka, Japan). The expression of 286 

antioxidant genes [glutathione peroxidase-1 (GPX1) and heme oxygenase-1 (HO1)] was 287 

quantified with the synthesized cDNA diluted fivefold as the template. The assay was carried 288 

out using SYBR green-based THUNDERBIRD® SYBR® qPCR Mix (Toyobo, Osaka, Japan) 289 
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and a Roche LightCycler® Nano Real-Time PCR System (Roche Diagnostics, Mannheim, 290 

Germany). The amplification conditions were 95 °C for 10 min, followed by 40 cycles of 291 

95 °C for 10 s, each annealing temperature (58.5 °C for GPX1, 55 °C for HO1, and 58.5 °C 292 

for 18S rRNA) for 10–15 s, and extension at 72 °C for 15 s. A housekeeping gene, 18S rRNA, 293 

was used to normalize the expression of target genes. The 2–∆∆CT method was used to 294 

determine gene expression (Livak and Schmittgen, 2001). The specificity of each primer was 295 

checked by TA cloning using the pGEM-T Easy vector (Promega, Madison, USA) and DNA 296 

sequencing (data not shown). Primer sequences are given in Supplementary Table 1.  297 

  298 

2.9. Data analysis 299 

 300 

All experiments were repeated two or three times. Three replicate samples were 301 

mixed for amino acid, Hyp content, and Tricine-SDS-PAGE analyses. When necessary, data 302 

are presented as the mean ± SE. One-way analysis of variance and the Tukey-Kramer test 303 

were performed using Microsoft Excel add-in statistical software (version 2.12, Social 304 

Survey Research Information Co., Ltd., Tokyo, Japan). The level of statistical significance 305 

was set at p < 0.05.  306 

 307 

3. Results and discussion 308 

 309 

3.1. Determination of peptide production conditions 310 

 311 

This study developed a green, industrially applicable method to produce peptides 312 

from sturgeon heads for their blue transformation. The most significant hurdle—the hardness 313 
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of the sturgeon head—was overcome by applying autoclaving, which softens the head and 314 

makes blending possible.  315 

 The enzymatic hydrolysis conditions affected the peptides' yield and molecular mass 316 

distribution. Double-enzymatic treatment (using papain and bromelain) resulted in 317 

significantly higher yields and smaller peptides than treatment with papain alone (Table 2), 318 

probably because of the different cleavage specificities of the two enzymes. Smaller peptides 319 

are better antioxidants than larger ones because of their higher accessibility to free radicals 320 

(Park and Jo, 2019; Sila and Bougatef, 2016; Tejpal et al., 2017). The autoclaving conditions 321 

did not significantly affect the yield or molecular mass of the peptides (Table 2); however, 322 

the DW-P+B treatment resulted in a product significantly rich in smaller peptides. This result 323 

was supported by data from 15.5% Tricine SDS-PAGE (Fig. 1A); the low staining intensity 324 

observed for the DW-P+B-treated sample (lane 2 in Fig. 1A) suggested a higher proportion of 325 

peptides with molecular mass <1.7 kDa in this sample than in other samples. 326 

The P+B-treatments resulted in slightly but significantly higher ABTS• and OH• 327 

scavenging activities than the P-treatments in either DW or without DW (WDW) 328 

(Supplementary Fig. 2).  329 

Based on these results, the DW-P+B condition was employed to produce HTP, STP, 330 

and SCP. 331 

 332 

3.2. Yields of HTP, STP, and SCP 333 

 334 

The STP yield was highest, followed by SCP and HTP (Table 3); the collagen 335 

purification step significantly decreased the SCP yield compared with STP, while bones and 336 

scales in the head, which were hard for the enzymes to hydrolyze, decreased the yield of HTP 337 

compared with STP and SCP. The yield of HTP on the wet tissue basis was 12.1 ± 0.3%, 338 
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which was higher than that of Sardinella head and viscera peptides (4.3%, Souissi et al., 339 

2007), close to that of codfish and tilapia skin peptides (11%–14%, Chen et al., 2017; Wang 340 

et al., 2013), but slightly lower than that of Chinese sturgeon muscle peptides (17.5%, Noman 341 

et al., 2018). Moreover, a higher amount of sturgeon head (17.1% of the body weight) than 342 

skin (6.1%) (Islam et al., 2020) makes the expected gross yield (dry weight) of HTP higher 343 

than STP and SCP (from a 2-kg commercial-sized fish for meat, the gross yield of HTP is 344 

127.9 g, whereas that of STP and SCP are 94.1 g and 67.6 g, respectively). Therefore, the 345 

sturgeon head is a potential source of peptides for industrialization, having a good yield. 346 

 347 

3.3. Molecular mass distribution of peptides 348 

 349 

The HTP contained a significantly higher percentage of peptides with a molecular 350 

mass <500 Da than SCP and STP (Table 3). Similarly, HTP had the lowest staining intensity 351 

in 15.5% Tricine-SDS-PAGE (lane 4 in Fig. 1B, compared with lanes 2 and 3), suggesting a 352 

higher amount of peptides with molecular mass <1.7 kDa. Smaller peptides have greater 353 

functionality (Halim et al., 2016). For example, human skin prevents the penetration of large 354 

molecules; peptides of <500 Da more easily penetrate intact skin and show functionalities in 355 

cosmetics or skin therapeutics (Chaulagain et al., 2018; Schagen, 2017). Besides, the 356 

dominant low-molecular-mass (LMM) fragments were <500 Da in HTP (Table 3). The 357 

earlier reports also showed that seabass skin collagen peptides (the dominant LMM 358 

fragments: 1–1.3 kDa ) and salmon skin collagen peptides (the dominant LMM fragments: 359 

100–860 Da) were useful in skin care (Benjakul et al., 2018; Wang et al., 2015). Therefore, 360 

HTP may have greater potential for percutaneous applications such as cosmetics. 361 

 362 

3.4. Amino acid composition and proximate composition 363 
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 364 

The amino acid composition and the proximate composition of peptide-containing 365 

samples are shown in Tables 4 and 5. The levels of amino acid residues that show ROS 366 

scavenging activity, such as glutamine/glutamic acid (Glx), histidine (His), leucine (Leu), 367 

lysine (Lys), methionine (Met), phenylalanine (Phe), tyrosine (Tyr), and valine (Val) (Cojocaru 368 

et al., 2014; You et al. 2010; Zhao et al., 2018), were higher in HTP than in STP or SCP (Table 369 

4). The collagen-derived peptide contents, both in the total protein fraction and sample weight, 370 

were highest in SCP, followed by STP and HTP (Tables 4 and 5). Therefore, more amino acid 371 

residues that show ROS scavenging activity were contained in the non-collagenous proteins of 372 

HTP. Because the sturgeon head contains collagen-poor tissues such as muscle, it is reasonable 373 

that more non-collagenous protein derivative was found in the HTP. 374 

This is the first report to estimate the contents of collagen-derived and non-collagenous 375 

protein-derived peptides. According to Table 5, the total protein content (collagen + non-376 

collagenous proteins) was lower in HTP (76.2%) than in STP (98.4%) and SCP (which is 377 

defined as 100% pure collagenous peptide). The head also contains scales, bones, and small 378 

cartilages; thus, more non-proteinaceous substances, such as ash and sugar (polysaccharides), 379 

were found in the HTP (Table 5). In addition, HTP contained significantly less lipid than STP 380 

(Table 5), suggesting that the defatting process was more efficient in the head tissue than in the 381 

skin.  382 

The total protein content of HTP (76.2%) was higher than that in sturgeon viscera 383 

hydrolysates (65.8%, Ovissipour et al., 2009) and sardine, horse mackerel, and axillary 384 

seabream protein hydrolysates (60.2%–74.9%, García-Moreno et al., 2014), close to that in 385 

bogue protein hydrolysates (75.7%–76.4%, García-Moreno et al., 2014), but lower than that in 386 

small-spotted catshark protein hydrolysates (87.0%–89.5%, García-Moreno et al., 2014). Also, 387 

the lipid content of the HTP (0.5%) was lower than those of several fish protein hydrolysates 388 
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(4.6%–25.3%, García-Moreno et al., 2014) but higher than that of sturgeon viscera hydrolysate 389 

(0.2%, Ovissipour et al., 2009). In summary, HTP is a protein-rich and lipid-poor peptide than 390 

most fish peptides previously reported.  391 

 392 

3.5. Transparency  393 

 394 

 The transparencies of SCP, STP, and HTP were 96.9 ± 0.1%, 98.6 ± 0.1%, and 98.8 ± 395 

0.1%, respectively, showing excellent clarity as 1% solutions. HTP contained more non-396 

collagenous proteins and non-proteinaceous substances (Table 5) than the others, but these 397 

substances did not affect its transparency. Therefore, all the samples would be suitable for 398 

industrial applications; particularly, high transparency is essential for cosmetics.  399 

 400 

3.6. Endotoxin levels 401 

 402 

Endotoxins are fever-generating lipopolysaccharides (LPS) from certain Gram-403 

negative bacteria, having multiple injurious biological effects such as inflammation 404 

(Miyamoto et al., 2009). The endotoxin levels in HTP, SCP, and STP were 0.4 ± 0.1, 0.2 ± 405 

0.0, and 0.3 ± 0.0 endotoxin unit (EU)/mg, respectively. The maximum limit of endotoxin in 406 

a sample depends on its applications. For example, the usable limit of endotoxin is 0.5 407 

EU/mL or 20 EU/device for a medical device directly or indirectly contacting the 408 

cardiovascular or lymphatic system (Cavaillon, 2018; FDA, 2012). LPS at <1 ng/mL 409 

(equivalent to 8 EU/mg in the present measurement system) did not induce human monocytes 410 

to secrete inflammatory cytokines such as interleukin-6 or tumor necrosis factor-α (Cavaillon, 411 

2018; Morris et al., 2014). Therefore, the endotoxin levels of the present peptides were below 412 

the applicable limits in the following cell culture experiments (the maximum concentration of 413 
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peptides in the cell culture experiments was 1 mg/mL, which equaled 0.4 EU/mL in the case 414 

of HTP). Keeping fish by-products clean during fish processing is essential to reduce the 415 

endotoxin level. For example, the immediate freezing of by-products may greatly contribute 416 

to the production of low-endotoxin peptides as fish by-products spoil quickly. Presently, 417 

endotoxin levels of fish peptides were quantified only in the articles reported by our 418 

colleagues (Li et al., 2019; Li et al., 2021a).  419 

 420 

3.7. In vitro antioxidant activities of peptides 421 

3.7.1. Test tube-based antioxidant activities 422 

 423 

 The antioxidant activity of collagen peptides prepared from fish skin is well known 424 

(Nurilmala et al., 2019; Park and Jo, 2019), but the comparison of the activity with that of 425 

peptides prepared from other tissues, such as the head, is scarce. In the present study, the 426 

highest ABTS• scavenging activity was found in HTP, followed by STP and SCP (Fig. 2). 427 

These data corresponded well to the numbers of ROS-scavenging amino acid residues (Glx, 428 

His, Leu, Lys, Met, Phe, Tyr, and Val), which are plentiful in non-collagenous proteins, in 429 

the samples (Table 4). Thus, antioxidant activity correlated with the amount of non-430 

collagenous proteins in peptides (Fig. 2, Table 5). These data suggest that the by-products 431 

with lower collagen content are more suitable for producing antioxidant peptides. In addition, 432 

pretreatments of tissues to remove non-collagenous proteins, such as the NaOH treatment, are 433 

not recommended. The higher ABTS• scavenging activity may also relate to the higher 434 

abundance of smaller peptides in HTP (Fig. 2, Table 3), as several reports showed that 435 

smaller peptides have higher antioxidant activity (Chi et al., 2015b; Park and Jo, 2019).  436 

 437 

3.7.2. Extracellular antioxidant activities  438 
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 439 

The addition of 0.25 mM H2O2 significantly reduced cell viability to approximately 440 

60% of the level for control cells (i.e., cells without H2O2 treatment) (Fig. 3A, B). The 441 

extracellular application of peptide samples at a dose of 500 µg/mL increased the viability to 442 

77% of the control level (Fig. 3A), suggesting that the samples protected the cells from H2O2 443 

oxidative stress. When a sample dose of 1000 µg/mL was applied, cell viability increased to 444 

approximately 84%–90% of the control level (Fig. 3B). At this concentration, differences in 445 

viability between control cells and HTP- and STP-treated cells were statistically insignificant. 446 

However, the difference between control cells and SCP-treated cells was significant. Thus, 447 

the antioxidative potency was lower in SCP, showing a similar tendency to that observed in 448 

the ABTS• scavenging assay. 449 

Vitamin C is a potent antioxidant; however, it showed a significant toxic effect on 450 

L929 cells when its concentration was >50 µg/mL (data not shown). An earlier report stated 451 

that overuse of vitamin C or E resulted in reductive stress that is toxic to cells and favorable 452 

for cancer (Henkel et al., 2019). However, the present peptide samples showed no 453 

cytotoxicity at 1000 µg/mL. The papain-hydrolyzed collagen peptide from skate cartilage 454 

protected the L929 cells from oxidative stress (Li et al., 2021b) similar to the present finding. 455 

Besides, Nile tilapia and monkfish muscle peptides protected HepG2 cells from extracellular 456 

H2O2 (Hu et al., 2020; Yarnpakdee et al., 2015). The present study is the first to compare the 457 

cell-protective activities of peptides prepared from different tissues in the same fish species. 458 

 459 

3.7.3. Intracellular antioxidant activities 460 

3.7.3.1. Intracellular ROS levels 461 

 462 
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L929 cells treated with 0.25 mM H2O2 showed a 10-fold increase in ROS compared 463 

with those treated with endotoxin-free water (EFW) (Fig. 4A, B). Pretreatment with peptide 464 

samples at a dose of 500 µg/mL did not change the endogenous ROS levels of H2O2-treated 465 

cells (Fig. 4A), while that with 1000 µg/mL significantly reduced the ROS levels (Fig. 4B). 466 

No differences were evident in the potency of HTP, SCP and STP (Fig. 4B). In this 467 

experiment, the peptide samples were removed before H2O2 was added. Thus, possibly, 468 

peptides were transported into fibroblasts and worked as antioxidants to decrease the ROS 469 

induced by H2O2. The proton-coupled transporters of the solute carrier 15 (SLC15) family are 470 

integral membrane proteins responsible for absorbing pharmacological compounds such as 471 

oligopeptides (Viennois et al., 2018). For example, PEPT1 and PEPT2 are involved in the 472 

cellular uptake of peptides in epidermal keratinocytes (Kudo et al., 2016). Peptides from Nile 473 

tilapia skin gelatin failed to suppress ROS production under H2O2-induced oxidative stress in 474 

PEPT1 knockdown porcine intestinal enterocytes (Zheng et al., 2018). These studies strongly 475 

suggest that the antioxidative effects of peptides depend on a transporter-related mechanism.  476 

 477 

3.7.3.2. Expression of antioxidant genes  478 

 479 

The endogenous antioxidant system is complex and depends on enzymatic and non-480 

enzymatic molecules that collectively act against free radicals or ROS in four ways: (1) they 481 

suppress or prevent the formation of ROS; (2) they neutralize or scavenge ROS; (3) they 482 

repair biomolecules affected by ROS; or (4) they use signals essential for ROS production 483 

and react, transporting antioxidants to where they are needed (Ighodaro and Akinloye, 2018). 484 

Enzymes such as glutathione peroxidase (GPX), catalase, and superoxide dismutase are the 485 

first-line defensive antioxidants that detoxify the ROS (Kuciel-Lewandowska et al., 2020; 486 

Kurahashi and Fujii, 2015). Heme oxygenase-1 (HO1) degrades heme into biliverdin, which 487 
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is reduced to bilirubin by biliverdin reductase as a cytoprotective antioxidant (Kurahashi and 488 

Fujii, 2015). In this study, the effects of peptide samples on the mRNA levels of GPX1 and 489 

HO1 were tested using L929 fibroblasts without external oxidative stress. The peptide 490 

samples did not significantly stimulate the mRNA levels of either antioxidant gene 491 

(Supplementary Fig. 3A, B). These genes may be expressed more in stressful conditions 492 

(Yamamoto et al., 2018); thus, the samples should be tested with external oxidative stress. 493 

However, in such conditions, the housekeeping (internal reference) genes for qPCR may also 494 

be affected; thus, the qPCR results would become hard to interpret. Therefore, it is necessary 495 

to develop ways to be able to apply oxidative stress in this type of gene expression assay. 496 

 497 

4. Conclusions 498 

 499 

Head and skin are major by-products of commercial sturgeon, but the head remains 500 

typically unused because of its hardness. Furthermore, the head is a complex mixture of 501 

multiple tissues; thus, this may also prevent its usage. In this study, aiming at the blue 502 

transformation of the sturgeon head, we applied a green, industrially applicable method 503 

involving autoclaving, blending, and enzymatic hydrolysis and successfully produced HTP 504 

for the first time. Autoclaving effectively softened the head and was essential to crushing its 505 

hard, complex tissues. The present study also revealed that HTP contains more ROS-506 

scavenging amino acid residues and shows significantly higher ABTS• scavenging activity 507 

than STP or SCP. A new finding is that non-collagenous tissues contain more antioxidant 508 

amino acids; thus, the hydrolysis results in peptides with higher antioxidant activity. 509 

Moreover, HTP showed protective activity against extracellular oxidative stress and 510 

decreased intracellular ROS levels; both potencies were comparable to SCP and STP. HTP 511 

was also rich in low-molecular-mass peptides and showed a low endotoxin level. All these 512 
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features suggest that HTP is more suitable than SCP and STP for percutaneous applications 513 

against skin aiming. The present study proceeds with proper usage of the sturgeon head and a 514 

blue transformation of sturgeon aquaculture to establish a bio-circular economy in the future. 515 
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Figure Captions 775 

 776 

Fig. 1. (A) Tricine-SDS PAGE patterns of sturgeon head tissue peptides. M, molecular mass 777 

markers; DW-P, head tissue was autoclaved in distilled water (DW) and hydrolyzed with 778 

papain; DW-P+B, head tissue was autoclaved in DW and hydrolyzed with papain and 779 

bromelain; WDW-P, head tissue was autoclaved without DW and hydrolyzed with papain; 780 

WDW-P+B, head tissue was autoclaved without DW and hydrolyzed with papain and 781 

bromelain. All samples were loaded at 25 µg sample/lane. (B) Tricine-SDS PAGE patterns of 782 

skin collagen peptide (SCP), skin tissue peptide (STP), and head tissue peptide (HTP) 783 

produced from sturgeon. M, molecular mass markers. All samples were loaded at 25 µg/lane. 784 

 785 

Fig. 2. ABTS• scavenging activities of skin collagen peptide (SCP), skin tissue peptide (STP), 786 

and head tissue peptide (HTP) produced from sturgeon. Columns and bars indicate the mean 787 

value  standard error (n = 3). Different letters indicate significant differences (p < 0.05). 788 

  789 

Fig. 3. Protective effects of skin collagen peptide (SCP), skin tissue peptide (STP), and head 790 

tissue peptide (HTP) produced from sturgeon on L929 fibroblast cell viability following 0.25 791 

mM H2O2-induced oxidative stress. EFW, endotoxin-free water. Columns and bars indicate 792 

the mean value  standard error (n = 10). Different letters indicate significant differences (p < 793 

0.05). 794 

 795 

Fig. 4. Effects of skin collagen peptide (SCP), skin tissue peptide (STP), and head tissue 796 

peptide (HTP) produced from sturgeon on H2O2-induced intracellular ROS production in 797 

L929 fibroblast cells. Oxidative stress was induced with 0.25 mM H2O2. EFW, endotoxin-798 
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free water. Columns and bars indicate the mean value  standard error (n = 10). Different 799 

letters indicate significant differences (p < 0.05).  800 
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Table 1  809 

Major characteristics of enzymes used to produce peptides from sturgeon head. 810 

Enzymes Main sources Characteristics 
Optimum 

condition 
FDA status 

Papain Carica papaya L. Cysteine 

endoprotease  

with broad specificity 

45‒60 °C 

at pH 4‒8 
Safe to use 

Bromelain 
Ananas comosus 

Ananas bracteatus  

FDA, U.S. Food and Drug Administration 811 

From FDA (2018), Ramos and Malcata (2017), Slizyte et al. (2016), and Tacias-Pascacio et 812 

al. (2021)  813 
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Table 2 814 

Yields (%, dry weight sample/dry weight tissue) and molecular mass distribution of peptides 815 

produced from sturgeon head tissue in different conditions. 816 

HTPs  Yields 
Molecular mass distribution (%) 

<500 Da 500 Da–1 kDa 1–3 kDa 3–5 kDa >5 kDa 

DW-P 35.3±0.9b 32.1±0.4c 22.9±0.3a 30.4±0.4a 9.1±0.2b 5.6±0.5b 

DW-P+B 40.6±0.9a 52.5±1.2a 20.5±0.5bc 22.5±0.6c 3.6±0.2d 0.9±0.1d 

WDW-P 34.7±1.0b 24.1±0.4d 19.3±0.3c 31.5±0.5a 11.3±0.1a 13.8±0.4a 

WDW-P+B 38.9±0.8a 45.9±0.3b 21.7±0.2b 25.2±0.3b 5.2±0.3c 2.0±0.1c 

HTPs, head tissue peptides; DW-P, head tissues were autoclaved in distilled water (DW) and 817 

hydrolyzed with papain; DW-P+B, head tissues were autoclaved in DW and hydrolyzed with 818 

papain and bromelain; WDW-P, head tissues were autoclaved without DW and hydrolyzed 819 

with papain; WDW-P+B, head tissues were autoclaved without DW and hydrolyzed with 820 

papain and bromelain. All values are the mean ± standard error of three replicates. Different 821 

letters in each column indicate a significant difference (p < 0.05).  822 
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Table 3 823 

Yields (%, dry weight sample/dry weight tissue) and molecular mass distribution of skin 824 

collagen peptide (SCP), skin tissue peptide (STP), and head tissue peptide (HTP) produced 825 

from sturgeon. 826 

Peptides Yields 
Molecular mass distribution (%) 

<500 Da  500 Da–1 kDa 1–3 kDa 3–5 kDa >5 kDa 

SCP 55.4±1.4b 34.3±0.7
b
 22.2±0.2

a
 29.7±0.5a 9.8±0.1b 3.8±0.3b 

STP 77.1±1.0a 28.9±1.3
c
 21.9±0.4

a
 31.2±0.8a 11.7±0.6a 6.3±0.3a 

HTP 41.3±0.9c 47.0±0.3
a
 20.3±0.3

b
 25.7±0.1b 5.3±0.2c 1.7±0.1c 

All values are the mean ± standard error of three replicates. Different letters in each column 827 

indicate a significant difference (p < 0.05).  828 
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Table 4 829 

Amino acid composition (residues/1000 residues) and collagen-derived peptide content (%) 830 

in the total protein fraction of the skin collagen peptide (SCP), skin tissue peptide (STP), and 831 

head tissue peptide (HTP) produced from sturgeon. 832 

Amino acids 
Amino acid composition (residues/1000 residues) 

Purified skin collagen SCP STP HTP 

Alanine 115 115 113 101 

Arginine 50 52 52 48 

Asparagine/aspartic acid 50 50 53 68 

Cysteine 0 1 1 1 

Glutamine/glutamic acid 71 70 74 98 

Glycine 346 344 332 253 

Histidine 5 5 6 11 

Hydroxyproline 65 64 58 50 

Hydroxylysine 9 11 8 7 

Isoleucine 13 13 13 23 

Leucine 19 19 22 42 

Lysine 24 25 28 45 

Methionine 10 10 11 16 

Phenylalanine 13 13 15 19 

Proline 116 117 117 93 

Serine 51 48 47 49 

Threonine 24 24 25 34 

Tyrosine 2 3 6 12 

Valine 16 17 20 31 

Imino acid 181 181 176 142 

Collagen-derived peptide content* 100.0 98.5 89.9 76.9 

*Collagen-derived peptide content (%) in the total protein fraction was calculated from the 833 

hydroxyproline content. Values for each sample were obtained from mixed samples of three 834 

replicates.  835 
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Table 5 836 

Proximate composition of skin collagen peptide (SCP), skin tissue peptide (STP), and head 837 

tissue peptide (HTP) produced from sturgeon. 838 

Contents 
Proximate composition (%) 

SCP STP HTP 

Collagen† 99.1 87.8 58.6 

Non-collagenous proteins† 0.9 10.6 17.6 

Lipid content  - 0.9±0.1* 0.5±0.0 

Ash content - ND 4.3±0.1 

Others (e.g., sugar) - 0.7* 19.0 

Total 100.0 100.0 100.0 

All values are expressed as a percentage of the sample weight. -, the purified collagen was 839 

assumed to be 100% collagenous protein and thus the non-proteinaceous content to be zero; 840 

ND, not detectable. †Values were calculated from the hydroxyproline content, which was 841 

measured from mixed samples of three replicates. Lipid contents are the mean ± standard 842 

error of three replicates. *Significantly different from the value in HTP (p < 0.05). 843 
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Supplementary Fig. 1. Four production methods of sturgeon head tissue peptides 

(HTPs). EtOH, ethanol; E/S, enzyme per substrate; w/v, wet weight/volume; and dw/ww, 

dry weight/wet weight. 



Supplementary Fig. 2. ABTS• (A) and OH• (B) scavenging activities of 

peptides produced from the sturgeon head with different treatments. DW-P, 

head tissues were autoclaved in DW and hydrolyzed with papain; DW-P+B, 

head tissues were autoclaved in DW and hydrolyzed with papain and 

bromelain; WDW-P, head tissues were autoclaved without DW and 

hydrolyzed with papain; WDW-P+B, head tissues were autoclaved without 

DW and hydrolyzed with papain and bromelain. Columns and bars indicate 

the mean value ± standard error (n = 3). Different letters in each 

concentration among samples indicate significant differences (p < 0.05).



Supplementary Fig. 3. Effects of skin collagen peptide (SCP), skin tissue 

peptide (STP), and head tissue peptide (HTP) produced from sturgeon on 

the mRNA levels of glutathione peroxidase-1 (GPX1, A) and heme

oxygenase-1 (HO1, B). EFW, endotoxin-free water. Columns and bars 

indicate the mean value ± standard error (n = 6). No significant effects of 

the samples were observed. 



Supplementary Table 1

Sequences of the primers for RT-qPCR for antioxidant genes.

Genes Forward Reverse
Accession 

no.

GPX1 5'-TTCGGACACCAGGAGAATGG-3' 5'-AAGGTAAAGAGCGGGTGAGC-3' NM_008160.6

HO1 5'-ACATTGAGCTGTTTGAGGAG-3' 5'-TACATGGCATAAATTCCCACTG-3' NM_010442.2

18S rRNA 5'-CTTAGAGGGACAAGTGGCG-3' 5'-ACGCTGAGCCAGTCAGTGTA-3' NR_003278.3

GPX1, glutathione peroxidase-1; HO1, heme oxygenase-1; 18S rRNA, 18S ribosomal RNA.
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