

[image: image1]
Physicochemical, technofunctional, in vitro antioxidant, and in situ muscle protein synthesis properties of a sprat (Sprattus sprattus) protein hydrolysate












	
	TYPE Original Research
PUBLISHED 23 June 2023
DOI 10.3389/fnut.2023.1197274






Physicochemical, technofunctional, in vitro antioxidant, and in situ muscle protein synthesis properties of a sprat (Sprattus sprattus) protein hydrolysate

Niloofar Shekoohi1, Azza Silotry Naik1†, Miryam Amigo-Benavent1,2, Pádraigín A. Harnedy-Rothwell1,2, Brian P. Carson2,3 and Richard J. FitzGerald1,2*


1Department of Biological Sciences, University of Limerick, Limerick, Ireland

2Health Research Institute, University of Limerick, Limerick, Ireland

3Department of Physical Education and Sport Sciences, Faculty of Education and Health Sciences, University of Limerick, Limerick, Ireland

[image: image2]

OPEN ACCESS

EDITED BY
Concetta Maria Messina, University of Palermo, Italy

REVIEWED BY
Mehdi Nikoo, Urmia University, Iran
 Blanca Hernandez-Ledesma, Spanish National Research Council (CSIC), Spain

*CORRESPONDENCE
 Richard J. FitzGerald, Dick.Fitzgerald@ul.ie

†PRESENT ADDRESS
 Azza Silotry Naik, Food Science and Environmental Health, Technological University of Dublin, Dublin, Ireland

RECEIVED 17 April 2023
 ACCEPTED 01 June 2023
 PUBLISHED 23 June 2023

CITATION
 Shekoohi N, Naik AS, Amigo-Benavent M, Harnedy-Rothwell PA, Carson BP and FitzGerald RJ (2023) Physicochemical, technofunctional, in vitro antioxidant, and in situ muscle protein synthesis properties of a sprat (Sprattus sprattus) protein hydrolysate. Front. Nutr. 10:1197274. doi: 10.3389/fnut.2023.1197274

COPYRIGHT
 © 2023 Shekoohi, Naik, Amigo-Benavent, Harnedy-Rothwell, Carson and FitzGerald. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Introduction: Sprat (Sprattus sprattus) is an underutilized fish species that may act as an economic and sustainable alternative source of protein due to its good amino acid (AA) profile along with its potential to act as a source of multiple bioactive peptide sequences.

Method and results: This study characterized the physicochemical, technofunctional, and in vitro antioxidant properties along with the AA profile and score of a sprat protein enzymatic hydrolysate (SPH). Furthermore, the impact of the SPH on the growth, proliferation, and muscle protein synthesis (MPS) in skeletal muscle (C2C12) myotubes was examined. The SPH displayed good solubility and emulsion stabilization properties containing all essential and non-essential AAs. Limited additional hydrolysis was observed following in vitro-simulated gastrointestinal digestion (SGID) of the SPH. The SGID-treated SPH (SPH-SGID) displayed in vitro oxygen radical antioxidant capacity (ORAC) activity (549.42 μmol TE/g sample) and the ability to reduce (68%) reactive oxygen species (ROS) production in C2C12 myotubes. Muscle growth and myotube thickness were analyzed using an xCELLigence™ platform in C2C12 myotubes treated with 1 mg protein equivalent.mL−1 of SPH-SGID for 4 h. Anabolic signaling (phosphorylation of mTOR, rpS6, and 4E-BP1) and MPS (measured by puromycin incorporation) were assessed using immunoblotting. SPH-SGID significantly increased myotube thickness (p < 0.0001) compared to the negative control (cells grown in AA and serum-free medium). MPS was also significantly higher after incubation with SPH-SGID compared with the negative control (p < 0.05).

Conclusions: These preliminary in situ results indicate that SPH may have the ability to promote muscle enhancement. In vivo human studies are required to verify these findings.
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Introduction

According to the Food and Agriculture Organization (FAO), there is an increasing demand for high-quality protein due to the growth of the global population (1). Fish and shellfish are excellent sources of high-quality protein, e.g., a 100 g cooked serving of most types of fish provides ~18–20 g of protein (2). Global production of aquatic animals was estimated at 178 million tons in 2020. Of the total production, 112 million tons was harvested in marine waters (3). The extraction of food ingredients from discarded fish and fish processing co-products by using enzyme technology or protein recovery has the potential to add value by enhancing and upgrading marine proteins (4). This approach utilizes marine by-products and secondary raw materials, and in addition, it increases the responsible use of low-value/underutilized fish species which are a rich source of high-quality protein (5–7). Furthermore, bioactive protein hydrolysates/peptides derived from low-value/underutilized protein sources have potential applications as high-value functional food ingredients (8). Therefore, the generation of fish protein/peptide ingredients has the potential to unlock new added value opportunities for the fish processing sector promoting its economic and environmental efficiency (9, 10).

Sprat (Sprattus sprattus L.) is a small oily fish which is a good source of vitamins, minerals, and proteins (11). Sprat is extensively utilized for human consumption in Eastern European and Scandinavian countries; however, it is currently generally underutilized for human use in other countries (11). In 2022, the volume of sprat produced by the Irish seafood sector was 7,200 tons (12). The production of food protein ingredients derived from sprat represents a good opportunity to add value to this resource and to increase the overall profitability and sustainability of the fisheries sector. Enzymatic hydrolysis of anchovy sprat (Clupeonellaengrauliformis) and sprat (Sprattus sprattus) proteins has been shown to lead to an improvement in their nutritional (protein content and amino acid (AA) composition) and in their in vitro antioxidant properties (13–15). It has been reported that humans can benefit from the ingestion of fish-derived protein hydrolysates (FPHs) to support healthy aging, metabolic health, and skeletal muscle metabolism (16). Because of their high-quality protein content and associated peptides, FPHs may be useful as alternative protein sources (instead of dairy proteins such as whey protein) and as functional foods with the ability to prevent muscle atrophy leading to improvements in muscle mass, strength, and function, particularly in the aging population (16). The consumption of 150–170 g of fish twice per week for a 10-week period has been reported to improve muscle mass and function and may potentially decrease sarcopenia progression in middle-aged and older adults (17). Cordeiro et al. (18) reported that the consumption of 0.25 g/kg body mass of FPH (Nile tilapia-derived) induced immediate and robust post-exercise total aminoacidemia similar to a whey protein hydrolysate, which has been demonstrated to enhance MPS in humans (18).

In addition to the biofunctional value achievable during enzymatic hydrolysis of sprat protein, it is important to explore the technofunctional properties of the hydrolysate to understand its potential applications in the food industry. Minimum or no information seems to exist in relation to the technofunctional properties of SPHs. FPHs generated from other fish species, such as Ribbonfish (Lepturacanthus savala) and Yellow stripe trevally (Selaroides leptolepis), are reported to have enhanced solubility and oil-holding capacity in a degree of hydrolysis (DH)-dependent manner (19). However, while the solubility increased with increasing DH, higher DH values led to a decrease in the emulsion and foam properties of a yellow stripe trevally hydrolysate (20).

To the best of our knowledge, no information appears to exist in relation to sprat protein hydrolysates (SPH), i.e., their bioactivity and technofunctional properties. Therefore, the aim of this study was to assess the physicochemical, technofunctional, and in vitro and in situ antioxidant properties of an SPH.

Moreover, the MPS-stimulating ability of the SPH in murine C2C12 cells was examined, with the view to finding alternative protein sources for enhancement of muscle health. Generally, the knowledge of these properties is relevant to the utilization of the hydrolysate in final food products targeted at muscle health maintenance.



Materials and methods


 Chemicals and reagents

Kjeldahl catalyst tablets (free of Hg and Se), boric acid, sulfuric acid (≥ 98%), pepsin (P6887, ≥3,200 units/mg protein), pancreatin (P7545, 4 × USP specification), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2′, 7′-dichlorodihydrofluorescein-diacetate (DCFH-DA) and 2,2′-azobis-(2-methylpropianomidine) dihydrochloride (AAPH), Dulbecco's Modified Eagles Medium (DMEM), penicillin/streptomycin, fetal bovine serum (FBS), horse serum, Hank' balanced salt solution (HBSS), D-glucose, cell proliferation reagent WST-1, Tris/HCl pH 7.4, sodium rthovanadate (Na3VO4), phenylmethanesulfonyl fluoride (PMSF), L-glutamine, aprotinin, pepstatin, the bicinchoninic acid (BCA) kit, and puromycin (MABE343 anti-puromycin, clone 12D10 mouse monoclonal) were purchased from Sigma-Aldrich (Dublin, Ireland). Acetic acid and sodium hydroxide (NaOH) were procured from Fisher Scientific (Dublin, Ireland). Hydrochloric acid (HCl) was from VWR (Dublin, Ireland). Trinitrobenzene sulfonic acid (TNBS) reagent was from Medical Supply Co Ltd. (Dublin, Ireland). The C2C12 (subclone C2/4) mouse adherent myoblast cell line was purchased from ATCC® CRL1772, Manassas, VA (Lot number 60339292), USA. Serum-free and DMEM amino acid medium was from US Biological (Salem, MA, USA). Precision Plus ProteinTM Dual Color Standards (SM1811) and sodium pyruvate (GE Healthcare, Thermo-Fisher) were both purchased from Thermo Fisher (Dublin, Ireland). Human insulin growth factor-1 (IGF-1) (100-11) was from PEPROTECH (London, UK). SDS-PAGE precast gels (4–15%) were obtained from Accuscience Ltd (Dublin, Ireland). All primary antibodies for phosphor (p)mTOR, mTOR, p4-EBP1, 4-EBP1S6 ribosomal protein, pS6 ribosomal protein, and β-actin were from Cell Signaling (Bioke, Leiden, The Netherlands). Secondary antibodies, namely green rabbit (926-32211 IRDye 800 CV) and goat anti-rabbit IgG, were obtained from LI-COR Biosciences UK Ltd (Cambridge, UK).



Direct enzymatic hydrolysis of the sprat protein hydrolysate

BioMarine Ingredients Ireland Ltd (Lough Egish Food Park, Castleblayney, Co. Monaghan, Ireland) generated the SPH under proprietary conditions in a mode analogous to that previously reported (21).



Simulated gastrointestinal digestion

A simulated gastrointestinal digest of SPH was generated using a modification of the method reported by Walsh et al. (22). A 2.0% (w/v) solution (on a protein equivalent basis) of SPH was changed to pH 2.0 (6 M HCL) and incubated at 37°C with pepsin at an E:S of 2.5% (w/w). Following 90 min incubation, the pH was adjusted to pH 7.0 (1 M NaOH), and pancreatin at an E:S of 1% (w/w) was added and incubated at 37°C for a further 150 min. The sample was then heated at 85°C for 15 min, then left to cool, freeze-dried, and stored at −20°C.



Protein and AA quantification

The protein equivalent content of the hydrolysate and GI digest was determined using the macro-Kjeldahl procedure (23) using a nitrogen-to-protein conversion factor of 5.892 (21). The total and free AA content of the samples was determined using an accredited external company. The AA score was calculated as the mg of the limiting essential AA(s) per g of sample protein divided by the mg of the same AA per g of the reference protein (21).



Physicochemical characterization

The DH of the samples was calculated by the TNBS method (21). Gel permeation high-performance liquid chromatography (GP-HPLC) and reversed-phase ultra-performance liquid chromatography (RP-UPLC) were used to determine the molecular mass distribution and peptide profiles of the SPH and its SGID-treated equivalent (24, 25).



Color measurement

The color [L* (lightness), a* (redness), and b* (yellowness)] values of the SPH powder were measured using a Konica Minolta CR-400 Chroma Meter (Minolta Camera Co., Osaka, Japan) as described by Cermeno et al. (26).



Protein solubility index

The solubility of the SPH was determined at pH 2.0, 4.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 12.0 in accordance with the method reported by Connolly et al. (27) with minor modifications. A 4.0% (w/v) solution (on a protein equivalent basis) of SPH was prepared in distilled water (dH2O, 5 mL) and stirred gently at ambient temperature (Stuart-heat stir, SB162, Keison Products Chelmsford, England) for 20 min. Aliquots of this protein suspension (9 mL in each tube) were then adjusted to pH values between pH 2.0 and 12.0 using NaOH or HCl, as required, before the total volume was adjusted to 20 mL with dH2O. This led to a final protein/protein equivalent concentration of 1.8% (w/v). The pH was readjusted, if necessary, following a 30 min equilibration under constant stirring. The solutions were centrifuged at 21,150 g for 20 min (Heittich Zentrifugen Universal 320R centrifuge, Andreas Heittich GmbH and Co., Tuttlingen, Germany). The supernatant was transferred into fresh tubes, an aliquot of the supernatant was diluted 1:100, and its protein content was estimated using the BCA assay. Protein solubility (%) was expressed as a percentage of the protein in the supernatant divided by the protein content in the starting suspension.



Heat coagulation time

The heat coagulation time (HCT) was measured at 140°C for the SPH sample at pH 6.0 and 8.0 as described by Connolly et al. (27). An aqueous suspension of the SPH was prepared to a final concentration of 6.0% w/v (on a dry weight basis) and stirred for 1 h at ambient temperature. The pH was then adjusted and left to equilibrate for 1 h at room temperature. Following this, aliquots (2 mL, in triplicate) were added to glass tubes (10 mm i.d. 120 mm, AGB Scientific, Dublin, Ireland), sealed with silicone bungs, and submerged in an oil bath set at 140°C (Elbanton BV, Kerkdriel, The Netherlands). HCT was recorded as the time (in sec) required for the visible onset of coagulation of the sample to occur. All heat stability tests were performed in triplicate.



Emulsification properties

The emulsifying capacity of the hydrolysates was established at pH 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 as per Connolly et al. (27) with minor modifications. A final concentration of 0.05 g 100 mL−1 hydrolysate solution (on a dry weight basis) was prepared in distilled water after pH adjustment with NaOH or HCl. A 28 g sample of the hydrolysate dispersion and 12 g of sunflower oil (obtained from a local food store) with Sudan III (40 mg L−1 of oil) were placed in a 50 mL centrifuge tube, and homogenization was carried out using an Ultra-Turrax® T25 homogenizer (IKA® Werke GmbH and Co. KG, Staufen, Germany) at 16,000 rpm for 60 s. An 0.100 mL aliquot of the emulsion formed was immediately diluted 1: 800 with 0.1% (w/v) sodium dodecyl sulfate (SDS), and the absorbance was established at 500 nm using a UVmini-1240 spectrophotometer (Shimazu, Canby, USA), against a 0.1% (w/v) SDS blank for determination of the emulsion activity index (EAI). The remaining emulsion was stored upright and undisturbed in the 50 mL tube at room temperature. After 30 min, an aliquot (0.1 mL) from the lower portion of the tube was taken and diluted 1:800 with 0.1% (w/v) SDS to quantify the emulsion stability (ES).

The EAI was estimated as follows:
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Where, Abs500 is the absorbance at 500 nm, l the light path length (cm), Φ the oil volume fraction, and c the hydrolysate concentration (g 100 mL−1).

The ES after 30 min holding was expressed as follows:

% ES = (Abs500 bottom half of emulsion stored for 30 min/Abs500 of freshly prepared emulsion) × 100

All emulsion analyses were carried out in triplicate at room temperature.



In vitro antioxidant analyses
 
ORAC assay

The ORAC assay was carried out using the method described previously (28). A volume of 50 μL of the blank (0.075 M sodium phosphate buffer pH 7.0), standards (10–120 μM Trolox), and test samples at a final concentration of 0.2 mg protein equivalent.mL−1 was mixed with 0.78 μM fluorescein (50 μL) and incubated at 37°C for 15 min. The reaction was initiated by addition of 25 μL of 0.221 M AAPH, and the fluorescence (Ex/Em wavelengths of 485/520 nm) was measured every 5 min over a 2 h period at 37°C. The ORAC values were reported as μmol of Trolox equivalents per g sample (μmol TE/g sample).



FRAP assay

The FRAP activity was determined as described previously (28). A volume of 150 μL of FRAP reagent [0.3 M acetate buffer (pH 3.6), 0.01 M 2, 4, 6-tripyridyl-s-triazine (TPTZ), and 0.02 M FeCl3.6H2O] was added to a microplate, and the absorbance (590 nm) was determined using a plate reader (BioTek Synergy HT, Waltham, MA, USA). An aliquot (20 μL) of 0.3 M acetate buffer pH 3.6 (blank), standards (0–200 μM Trolox), and test samples at final concentrations of 10 mg protein.mL−1 were added, and the absorbance was measured after incubation at 37°C for 30 min. The FRAP values were reported as μmol of TE/g sample.




Cell culture

Undifferentiated C2C12 myoblasts were kept in a growth medium (DMEM), which included 10% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin, and 1% L-glutamine, in a humidified atmosphere containing 5% CO2 at 37°C. As previously mentioned, differentiation was induced by placing 80% confluent cell cultures in a differentiation medium, which is DMEM-supplemented with 2% heat-inactivated horse serum (29). Before the main treatment, fully differentiated myotubes were starved of nutrients for 1 h in DMEM AA and serum-free medium containing 1 mM sodium pyruvate, 1% (v/v) penicillin/streptomycin, 1 mM L-glutamine, 6 mM D-glucose, and 34 mM NaCl (pH adjusted to 7.3). The C2C12 cells were then treated with the SGID-SPH in DMEM AA and serum-free medium at a final concentration of 1 mg protein equivalent/mL for 4 h. As a negative control for the assay, cells were incubated with DMEM AA and serum-free medium alone, while 100 ng/mL human insulin growth factor-1 (IGF-1) was used as a positive control.


WST-1 cell viability assay

Cells were seeded and differentiated in clear 96-well plates at a concentration of 7 × 103 cells/well in 100 μL. On full differentiation, the cells were washed and changed to DMEM AA and serum-free medium for 1 h. Each well was then supplemented with DMEM AA, serum-free media (as a negative control), or medium conditioned with various concentrations (0.1, 0.5, and 1 mg protein equivalent.mL-1) of SGID-treated hydrolysate. The plates were then incubated for 4 h at 37°C in a humidified atmosphere containing 5% CO2. Following this, the WST-1 cell viability assay was conducted by adding the reagent as per the supplier's instructions (Sigma-Aldrich). Viable cells were evaluated by measuring absorbance at 450 nm. Cell viability was normalized with the number of control cells (DMEM AA and serum-free medium) and presented as percentage viability. This experiment was carried out in triplicate.




Cellular antioxidant assay
 
Cell viability in the presence of two oxidative stress inducers (AAPH and H2O2)

Cells were seeded and differentiated in black 96-well clear bottom plates at a concentration of 7 × 103 cells/well in 100 μL. Fully differentiated cells were washed with HBSS. Subsequently, HBSS medium alone (negative oxidation control) and different concentrations of AAPH (0–1,000 μM) and H2O2 (0−400 μM) were added to each well and incubated for 4 h. The WST-1 cell viability assay was carried out following the suppliers' instructions. Viable cells were evaluated using absorbance measurements at 450 nm. Cell viability was expressed as a percentage of viable cells in the negative oxidation control (HBSS medium alone). The experiment was performed in triplicate.




Intracellular ROS assay

The intracellular formation of ROS was determined using DCFH-DA as described by Yarnpakdee et al. (30) with some modifications. In brief, C2C12 cells were seeded in 96-well plates at a concentration of 7 × 103 cells/well in 100 μL. DCFH-DA was initially prepared in dimethyl sulfoxide (DMSO) at a concentration of 4 mM and then further diluted to 100 μM in HBSS immediately prior to its application. The C2C12 myotube cells that were fully differentiated were rinsed with HBSS (100 μL/well, three times), followed by treatment with 1 mg protein equivalent.mL−1 of SPH-SGID (100 μL/well) for 1 h. A positive control, consisting of Trolox at a final concentration of 100 μM, was conducted under the same conditions. A 100 μL aliquot of medium containing the test substances and controls was taken out and replaced with 100 μL of media containing 75 μM H2O2 and 100 μM DCFH-DA in HBSS. The fluorescence of the resulting 2′,7′-dichlorofluorescein (DCF) product was then measured every 10 min at 37°C for 90 min using a plate reader (BioTek Synergy HT, Waltham, MA, USA) with excitation at 485 nm and emission at 535 nm. Oxidation control wells consisted of cells in the presence of DCFH-DA and H2O2 without hydrolysate. The intracellular ROS level obtained in the presence of the hydrolysate was expressed as a percentage of the relative fluorescence intensity of the oxidation control cells.



Electrical impedance measurement

Label-free, non-invasive, electric impedance measurements were taken using an xCELLigenceTM RTCA Instrument (ACEA Biosciences, Inc., San Diego, CA, USA) using a microelectronic E-16 well gold plated base sensor plate (ACEA Biosciences) (31). C2C12 myoblasts were cultured on an electrode-containing plate, as previously described (32). Throughout the cycle from myoblast proliferation through myotube formation, an automated reading of cell status, indicated as cell index (CI), was taken in real time (every 15 min during myoblast proliferation and every 2 min during myotube formation). Data were normalized to the start of the treatment phase of the experiment.



Myotube diameter measurement

After 4 h incubation with controls and the SPH-SGID, multinucleated myotubes were counted under a phase-contrast microscope (Olympus CKX31, Tokyo, Japan). Image J software (National Institutes of Health, Baltimore, MD) was used to analyze images to quantify changes in myotube thickness. For each treatment condition, three diameter measurements were collected along each myotube, totaling at least 100 myotubes across at least six different fields. The average myotube diameter (μm) was then used to represent each treatment condition in the analysis.



Western blot analysis

Cells were seeded and differentiated in 6-well plates in a final volume of 2 mL cell culture medium/well. Trypsinization was used to harvest cells. These cells were washed three times with PBS (200 μL/well) and then lysed with cold lysis buffer (10 mM Tris/HCl pH 7.4, 150 mM NaCl, NaF, and 1% Na4P2O7) containing phosphatase inhibitor [Na3VO4 (1 mM) and protease inhibitors (phenylmethanesulfonylfluoride fluoride (PMSF) (1 mM), pepstatin (1 μM), and aprotinin (1.5 μg.mL−1)] for 30 min on ice, and then, each plate was scraped using a cell scraper. The homogenates obtained were then centrifuged at 130 g at 4°C for 10 min to remove nuclei and cellular debris. After determination of the protein content using the Bradford assay (following the suppliers' instructions), the lysates (30 μg protein/lane) were loaded on stain-free 4–15% linear gradient SDS polyacrylamide gel electrophoresis (PAGE) precast gels, and the gel was transferred to a nitrocellulose membrane using the semi-dry transfer technique (Trans-blotR TurboTM; Bio-Rad). After blocking with 5% (w/v) skimmed milk powder in 1X Tris-buffered saline (TBS) containing 0.5% Tween-20 (TBST) for 1 h at 37°C, the membrane was incubated with each antibody (1:1000 in 5% BSA in TBST: mTOR, phosphor (p)mTOR, P70S6K, pP70S6K, 4-EBP1, p4-EBP1, S6 ribosomal protein, pS6 ribosomal protein, β-actin, and puromycin) at 4°C overnight. The membrane was first treated with primary antibodies, except for puromycin which received a goat anti-mouse IgG2a-specific antibody, and then incubated with a secondary green rabbit antibody for 1 h. Images were captured using a UVITEC Cambridge Imaging system, and whole-lane band densitometry was quantified using NineAlliance UVITEC Software. After probing with phosphorylated antibodies, the membranes were stripped according to the manufacturer's instructions and then re-probed with total antibodies. Phosphorylated proteins were normalized to their respective total protein, while puromycin was normalized to the total protein density obtained from the stain-free lane for quantification purposes.



Muscle protein synthesis

MPS was determined via the surface sensing of translation technique (SUnSET) (33). Following 1 h nutrient deprivation in AA and serum-free DMEM medium, differentiated C2C12 myotubes were treated with either 1 mg protein equivalent.mL−1 SPH in AA and serum-free DMEM medium containing 1 μM puromycin (Merck Millipore Limited) and 100 ng.mL−1 IGF-1 (positive control) or in amino acid and serum-free DMEM (negative control) containing 1 μM puromycin for a further 4 h. Immunoblotting was then used to assess MPS after obtaining the cellular protein lysates.



Statistical analysis

The results are presented as the mean ± standard deviation (SD) of three independent experiments. Data were analyzed using one-way or two-way ANOVA followed by Tukey's post hoc analysis. The SPSS software program (Version 27, IBM Inc., Chicago, IL, USA) was used to perform statistical analyses on the data. In all analyses, a P < 0.05 was taken to indicate statistical significance.




Results and discussion


Properties and physicochemical characteristics of the SPH

The protein content of the off-white SPH powder sample was 84.71 g/100 g. Following the terminology used for milk proteins, this product would correspond with an SPH80 since it contains more than 80% (w/w) protein. The DH of the SPH was 39.71 ± 0.24%, and this did not significantly change following simulated in vitro digestion of the sample (SPH-SGID) (Table 1). The molecular mass distribution of the SPH and SPH-SGID samples showed a high content of low molecular mass peptides (<1 kDa), followed by the fraction with a molecular mass between 1 and 5 kDa with very low levels for peptides >10 kDa (Table 1). The peptide profiles were similar in the SPH and SPH-SGID samples (data not shown) following reversed-phase ultra-performance liquid chromatography (RP-UPLC) analysis.


TABLE 1 The degree of hydrolysis (DH) and molecular mass distribution profiles of the sprat (Sprattus sprattus) protein hydrolysate (SPH) pre- and post-simulated gastrointestinal digestion (SPH-SGID).
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Table 2 provides the AA composition of the SPH sample and shows that the hydrolysate contains all the essential and non-essential AAs. The most abundant AAs were Glx (137 g/kg−1) and Asx (91.5 g/kg−1), and the lowest level was found for Cys (5.9 g/kg−1). The protein quality of a dietary protein source can be estimated by comparing it to three reference AA scores of a model protein in accordance with the requirements of different age groups (34). These include the AA requirements for (1) infants < 6 months old (2) children 6–36 months old, and (3) children >36 months, adolescents, and adults. In this study, the ratios of each of the essential AA in the SPH with respect to the levels highlighted for each of the three reference cohorts were determined, and the lowest ratio was associated with the AA score. The manner in which the essential AA levels in a protein compare to those of a reference protein as well as which AA(s) may be limiting in the protein can be determined by AA score evaluation.


TABLE 2 Amino acid (AA) profile of the sprat (Sprattus sprattus) protein hydrolysate (SPH).

[image: Table 2]

Table 3 shows the calculated AA scores for the SPH in different population cohorts. Tryptophan was identified as the limiting essential AA (0.49) when compared against the recommended AA requirement pattern for infants <6 months (34). Tryptophan was also identified as the limiting essential AA with an AA score of 0.97 for the cohort of children from 6 months to 3 years old.


TABLE 3 Calculated amino acid (AA) scores for the sprat (Sprattus sprattus) protein hydrolysate (SPH) for different population cohorts.
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Therefore, this information indicates that SPH may need to be supplemented, at different levels, with AA in order to meet the AA requirements of these two population cohorts. All AA scores for the older children, adolescent, and adult population cohort were above a value of 1.0 which indicates that the level of all essential AAs in the SPH met those recommended for this cohort. However, protein quality scores (which are measured in relation to the digestibility and the bioavailability of the essential AAs in a given protein) would need to be evaluated in order to confirm that SPH definitively meets the human dietary requirements for the specific population cohorts.



Technofunctional properties of SPH
 
Color measurement

Color is a critical criterion in the consumer perception of food formulations and is one of the many challenges associated with the utilization of fish as sources of functional ingredients. Ideally, fish protein ingredients produced at an industrial scale should be color- and odor-free, and studies have been reported on optimizing these requirements via enzymatic hydrolysis during the extraction of protein (35). The SPH was pale yellow in color with L*, a*, and b* values of 77.80, 6.17, and 31.51, respectively. The final color of FPHs depends on multiple factors such as raw material composition, the enzymes used, and the parameters used for hydrolysis as reported by Egerton et al. (36). Blue whiting protein hydrolysates (BWPHs) were previously reported to have L* values in the range 70 to 72 (37) which were lower than that of the SPH herein. Moreover, the a* and b* values for the BWPHs were in the range of 0.28 to 0.49 and 7.95 to 9.90, respectively. Jemil et al. (38) assessed the color properties of four different FPHs (sardinella, zebra blenny, goby, and ray). The L* values of samples were in the range 65.30 to 80.02, b* values were between 26.81 and 47.39, and a* were between −6.18 and 6.49. The dark color of the FPHs could be attributed to the oxidation of myoglobin and melanin in the raw materials (39). The color of the SPH is imperative for its final applications. For instance, using an SPH ingredient that undergoes color development on heating at high temperatures may affect the final color of the processed products. Compared to other reported fish sources, the sprat hydrolysate was relatively lighter in color and therefore can be widely applied as an ingredient in multiple formulations without the need for further processing.




Protein solubility

The solubility of proteins and their hydrolysates is an important technofunctional requirement for their applications in the food and pharmaceutical industries. Protein structure, pH, ionic strength (and salt type), and temperature all affect protein solubility (40). The aqueous solubility of the SPH was >90% across the pH range (pH 2.0–12.0) tested herein. While the mean solubility value at pH 8.0 was the highest, there were no statistically significant differences (p > 0.05) in solubility between the different pH values (Figure 1). A similar solubility profile was reported for protein hydrolysates from blue whiting (BWSPH), which had > 80% solubility between pH 2.0 and 10.0 (36). The overall high solubility is consistent with the solubility results observed for yellow stripe trevally (Selaroides leptolepis) (20) and sardinella, zebra blenny, goby, and ray protein hydrolysates (38).
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FIGURE 1
 Aqueous protein solubility (%) of the sprat (Sprattus sprattus) protein hydrolysate as a function of pH. Values represent mean ± SD (n = 3).


The high solubility of the SPH could result from the large proportion of low molecular mass peptides (<1 kDa) contained therein. Furthermore, hydrolysis increases the number of terminal polar (NH3 COO-) groups and results in the unfolding of the protein structure revealing polar AA groups (such as serine, threonine, cysteine, tyrosine, asparagine, and glutamine) which can then interact with water molecules thereby enhancing solubility (41, 42).



Heat stability

Heat stability is an important parameter in the development of protein ingredients as it indicates changes in protein stability due to thermal treatments such as cooking. The HCT depends on several factors such as protein concentration, protein/peptide conformation, as well as the charge and structure of proteins. The impact of two different pHs on the HCT of 6% (w/v) SPH at 140°C was assessed herein. The HCT increased from 25 to 40 s by increasing the pH from pH 6.0 to 8.0. Enzymatic hydrolysis was shown previously to enhance protein/hydrolysate ingredient heat stability. The enzymatic hydrolysis of brewers' spent grain protein-enriched isolates showed a significant increase in heat stability when going from pH 6.0 to 8.0, i.e., increasing from 40 ± 3 s to >300 min (27). Ryan et al. (43) also reported the effect of pH on HCT at 140°C of soy protein hydrolysates where the HCT significantly increased with increasing pH (43).



Emulsion properties (EAI and ES)

The emulsion activity is a measure of the potential of an ingredient to be surface active and stabilize product formulations that contain both lipophilic and hydrophilic phases such as mayonnaise, salad dressings, sauces, milk, and sausages. Proteins and protein hydrolysates can stabilize emulsions by forming a viscoelastic film which prevents the phases from separation when absorbed to the surface of oil droplets during the emulsification process (44). Figure 2 shows the EAI and ES values for the SPH as a function of pH. Overall, the SPH showed higher EAI values at higher pH (pH 10 and 12 with EAI values of 825.59 and 1079.12 m2 g−1, respectively) and the lowest EAI was obtained at pH 4.0 (375.42 m2 g−1). Similar emulsion activity values have been reported for hydrolysates generated from marine-based protein sources, e.g., from Nemipterus japonicus (45). As can be observed in Figure 2, the ES of the SPH was between 58 and 100% across the pH range 2.0–12.0. The ES of the SPH was at its lowest at pH 6.0 (58.9%), and this was potentially related to the trend of a decrease in solubility at this pH. The ES increased with increasing pH which may be related to the trend of an increase in solubility (although non-significant in the present instance). Pacheco-Aguilar et al. (46) showed that the emulsion capacity (EC) of hydrolysates formed from Pacific whiting (Merluccius productus) muscle was significantly influenced by DH and pH, except at pH 4. Higher ES and EAI values were reported at higher pH values (46). According to Villamil et al. (47), the partial hydrolysis of proteins changes their structure and enhances the flexibility of the resulting peptides that subsequently align to the interface to form and stabilize emulsions. However, it is well recognized that extensive hydrolysis may reduce emulsifying properties (48). In addition, in an alkaline medium rich in negative charge, polypeptides unfold and expose hydrophobic groups facilitating protein/lipid interactions and improving the diffusion and stabilization at the oil/water interface (49).


[image: Figure 2]
FIGURE 2
 Effect of pH on the emulsion activity index (EAI -•) and emulsion stability (ES % -Δ) of the sprat (Sprattus sprattus) protein hydrolysate. Values represent mean ± SD (n = 3). Different lowercase letters show significant differences for EAI at different pHs (p < 0.05). Different uppercase letters show significant differences for ES at different pHs (p < 0.05).


Overall, the technofunctional data presented herein showed that the SPH had good solubility across a broad range of pH values. It had a light yellow color. It had an HCT of 40 s at pH 8.0. Moreover, compared to other studies, the SPH herein showed much higher emulsion activity and stability. The SPH did not display any foaming ability. These results indicate that the SPH has properties providing it with significant versatility for different product applications.



In vitro antioxidant activity

The ORAC and FRAP activities of the SPH and its simulated GI digests are presented in Table 4. Prior to SGID, an ORAC value of 587.49 ± 15.23 μmol TE/g sample was obtained, and a similar ORAC activity was observed following SGID (Table 4). As previously stated, the DH data and molecular mass distribution results indicate that limited hydrolysis occurred during SGID, which indicates that treatment with the gastrointestinal enzymes did not release more peptides with higher ORAC activity from the precursor peptides. However, it is possible that hydrolysis of peptides during SGID may have resulted in both a loss and gain of specific bioactivities, resulting in no overall change in the total bioactivity of the peptides in the SGID-treated SPH. The ORAC antioxidant activity of the SPH was higher than the ORAC activity described for other fish protein hydrolysates from channel catfish, pacific hake, blue mussel (Mytilus edulis), and blue whiting sources with ORAC values of 16, 225, 66.26, and 121.56 μmol TE/g sample, respectively (50–52). The SPH ORAC values observed herein were lower than the range described for Atlantic salmon (Salmo salar) trimming protein hydrolysates (601.47–882.58 μmol TE/g sample) (53).


TABLE 4 In vitro oxygen radical absorbance capacity (ORAC) and ferric reducing antioxidant power (FRAP) activity, and in situ C2C12 cellular reactive oxygen species (ROS) production of sprat (Sprattus sprattus) protein hydrolysate (SPH) pre- and post-simulated gastrointestinal digestion (SPH-SGID).
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FRAP values ranging from 10.93 ± 0.46 to 5.29 ± 0.15 μmol TE/g sample were obtained for the SPH prior to SGID and SPH-SGID, respectively (Table 4). The FRAP activity of the SPH was significantly decreased following SGID (Table 4). Similar findings were reported for other FPHs, bovine protein hydrolysates, and whey protein hydrolysates which had reduced FRAP level post-SGID compared to pre-SGID (50, 54, 55).

The differences observed in the antioxidant activity using the FRAP and ORAC assays may be explained due to the different modes of activity used in the analysis of these assays. The ORAC assay measures the capacity of test compounds to scavenge peroxyl radicals through hydrogen atom transfer (HAT), whereas the FRAP assay is categorized as an electron transfer (ET)-based, non-radical assay technique (56).



Cell line experiments
 
Cell viability assay (WST-1)

Differentiated myotubes were nutrient deprived for 1 h and then incubated with AA and serum-free media as a control and treatment with 0.1, 0.5, and 1 mg protein equivalent.mL−1 of SPH-SGID for 4 h. After 4 h of incubation with various concentrations of SPH-SGID, the cell viability, as determined by the WST-1 assay, ranged from 102 to 113% compared to the control conditions (Figure 3). Treatment of cells with up to 1 mg protein equivalent.mL−1 SPH-SGID for 4 h after 1 h of nutrient deprivation led to no negative effect on cell viability (at all time points) compared with control conditions. As there was no reduction in cell viability, an SPH concentration of 1 mg protein equivalent.mL−1 was used for subsequent treatments (Figure 3).


[image: Figure 3]
FIGURE 3
 Viability of muscle myotube (C2C12) cells treated with 0.1, 0.5, and 1.0 mg protein equivalent.mL−1 sprat (Sprattus sprattus) protein hydrolysate subjected to simulated gastrointestinal digestion (SPH-SGID). The negative control was amino acid and serum-free media without SPH. Treatment of cells was for 4 h after 1 h of nutrient deprivation. The results represent mean ± SD (n = 3) and are expressed relative to the negative control.





Cellular antioxidant activity

To further evaluate the antioxidant potential of SPH, the ability of the SPH-SGID to affect the endogenous antioxidant defense systems was assessed. The results from biochemical antioxidant assays, while useful, are in vitro tests and therefore may not be easily extrapolated to more complicated systems such as in the human body (57). In situ cellular-based assays, which may more accurately represent the target site of oxidative stress in vivo, may therefore be more relevant in the assessment of test compound antioxidant properties. The antioxidant activity of SPH-SGID was assessed in situ in C2C12 differentiated myotubes on the basis of the extent of ROS generation (Table 4) in the presence and absence of a pro-oxidant. The results showed that incubation with 1 mg protein equivalent.mL−1 SPH-SGID for 1 h did protect C2C12 myotubes from the pro-oxidant effects of H2O2.

The application of cellular antioxidant-based assays of proteins and their derivatives using C2C12 myoblast and myotubes was reported in a number of previous studies (58–60). The cell cytotoxicity of two oxidative stress inducers (AAPH and H2O2) was pre-evaluated herein at different concentrations to investigate their potential toxic effects on C2C12 cells. The results showed that AAPH at concentrations ranging from 0 to 1,000 μM did not decrease cell viability by more than 85% which indicates that a higher concentration of AAPH was needed to decrease cell viability and induce more oxidative stress in C2C12 myotubes. Therefore, further studies are required to optimize the concentration of AAPH required to mediate a cytotoxic effect. There are several studies which employ H2O2 for the induction of oxidative stress in C2C12 cells (61, 62). Different concentrations of H2O2 (0–400 μM) resulted in a decrease in cell viability ranging from 35 to 85%. A toxic effect yielding <75% cell viability was found at ≥ 75 μM H2O2. Therefore, H2O2 was selected to represent the oxidative stress inducer at a concentration of 75 μM giving a mean cell viability value herein of 74%.

The cellular antioxidant assay was carried out to determine the potential antioxidative properties of the SPH-SGID against H2O2-induced intracellular ROS generation, as per Yarnpakdee et al. (30). The commercial antioxidant Trolox, which was used as a positive control, significantly reduced ROS generation as compared to the negative control, H2O2-stressed cells. Intracellular ROS generation in the SPH-SGID-treated cells (1 mg protein. mL−1 equivalent) was 67%. This demonstrated that treatment with SPH-SGID led to significantly (p < 0.05) lower levels of ROS generation compared to the negative control (Table 4). The significant reduction in ROS generation in the C2C12 cells treated with the SPH-SGID concurred with the results observed in the in vitro ORAC assays (Table 4).

In accordance with the antioxidant activity observed for the SPH herein, blue whiting (Micromesistius poutassou) protein hydrolysates and large yellow croaker (Pseudosciaena crocea) protein hydrolysates (MW < 3 kDa), which contained a high content of low MW peptides, presented [image: image] and DPPH scavenging activity in vitro. Furthermore, they increased the activity of the antioxidant enzymes glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase (CAT) in H2O2-induced oxidative stress in HepG2 cells (50, 63). In addition, numerous fish-derived peptides have demonstrated the ability to modulate oxidative stress pathways in vitro (64–67). Therefore, marine proteins are potential raw materials for the generation of antioxidant peptides with the ability to enhance health by reducing oxidative stress.

No studies appear to have been previously reported on the potential antioxidant activity of FPHs in oxidative stressed muscle cells. The results obtained for SPH herein demonstrate that this sample may have potential application as an antioxidant agent. Excessive production of ROS due to redox imbalance and impaired antioxidant defense systems leads to oxidative damage in most organs, including muscle (68–70). Increased ROS buildup causes oxidative stress, which in turn encourages proteolysis and causes muscle atrophy. ROS are crucial mediators of numerous signaling pathways that control this process (71, 72).

Therefore, the application of FPHs with potential antioxidant ability to reduce oxidative stress, thereby controlling oxidative stress and regulating the redox system, may be considered a promising approach for preserving muscle function.



Myotube growth and size

C2C12 myotubes were treated with media conditioned with 1 mg protein equivalent.mL−1 of SPH-SGID, AA and serum-free media, and IGF-1 to investigate the potential of SPH-SGID to stimulate myotube growth and activate MPS, as previously described (29, 32, 73). Based on the data from xCELLigenceTM analysis, the area under the curve (AUC) of cell index (CI) was significantly increased in response to treatment with SPH-SGID compared to the negative control (p < 0.05) as was the case for the IGF-1 positive control treatment (Figure 4A).
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FIGURE 4
 Effect of sprat (Sprattus sprattus) protein hydrolysate subjected to simulated gastrointestinal digestion (SPH-SGID) treatment on cell index (area under the curve) and myotube diameter in skeletal muscle cells. C2C12 myotubes were nutrient deprived for 1 h followed by 4 h treatment with 1 mg protein equivalent.mL−1 of SPH-SGID. Myotube growth was monitored every 2 min over 4 h. (A) Representative graph comparing myotube growth (cell index and area under the curve) in the presence of sample relative to the negative control. (B) Representative graph comparing myotube diameter in the presence of sample relative to the negative control. (C) Quantification of myotube diameter 4 h post-treatment as measured by microscopy. Images of myotubes treated with sample were taken at 4X magnification following 4 h treatment. All values are expressed as mean ± SD (n = 6). A p-value of < 0.05* compared to the negative control (amino acid and serum-free media). Ctl-: negative control (amino acid and serum-free media), Ctl+: positive control (100 ng.ml−1 IGF-1), SPH-SGID: sprat protein hydrolysate subjected to simulated gastrointestinal digestion.


Myotube thickness was assessed after a 4 h treatment to verify changes in myotube diameter based on CI results. Myotube diameter was significantly increased (p < 0.001) compared to the negative control with SPH-SGID treatment (Figure 4B). These results indicate that SPH may have the potential to enhance myotube growth which may lead to the stimulation of MPS. These results are similar to the findings of Lees et al. (16) which previously showed that C2C12 cells demonstrate greater hypertrophy with BWPH-fed serum taken from healthy older adults compared with non-essential AA-fed serum based on myotube thickness (p = 0.028). Moreover, the current results demonstrate the potential ability and comparability of SPH with BWPHs regarding the promotion of myotube growth, proliferation, and MPS and demonstrate the potential of FPHs as a functional ingredient for the improvement of muscle health (32).



Muscle protein synthesis

The mammalian target of rapamycin (mTOR) pathway is one of the most well-known signaling mechanisms in modulating MPS. A serine/threonine kinase called mTOR detects changes in the environment and within cells, such as the availability of nutrients and the level of energy (74). mTORC1 is known as a key regulator in controlling skeletal muscle mass following contraction and mechanical load-induced hypertrophy, synergistic ablation, myotube hypertrophy, and AA sensing, in which mTOR is involved in both skeletal muscle hypertrophy and atrophy (75). This important signaling molecule has been implicated in numerous studies as a crucial mediator in the conversion of mTOR activation to MPS activity (76, 77).

The ability of the SPH-SGID treatment to stimulate mTORC1 signaling was assessed by measuring the phosphorylation of mTORC1 and its downstream signaling molecules 4-EBP1 and rpS6. Many studies have identified this critical signaling molecule as a key mediator in translating the activation of mTORC1 to the activation of MPS (76–78).

mTOR phosphorylation on treatment with SPH-SGID was not significantly different to the negative or positive controls (p > 0.05, Figure 5A). Furthermore, activation of the downstream targets of mTOR activation, 4E-BP1 (Figure 5B), and rpS6 (Figure 5C) was not significantly different compared to negative or positive controls (p > 0.05). It is possible that these markers were not sufficiently sensitive to detect changes between conditions, and a lack of upregulation of mTOR phosphorylation on C2C12 treatment with BWPHs has been previously reported (16, 32).
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FIGURE 5
 Phosphorylation of mTOR, 4E-BP1, and ribosomal S6 incubated with 1 mg protein equivalent.mL-1 sprat (Sprattus sprattus) protein hydrolysate (SPH) subjected to simulated gastrointestinal digestion (SPH-SGID) (n = 4). C2C12 myotubes were nutrient deprived for 1 h followed by treatment with SPH-SGID plus 1 uM puromycin for 4 h. Data reported as the ratio of phosphoproteins relative to the total protein. All values were expressed as a percent of the negative control within each assay. Phosphorylation of mTOR (A), rpS6 (B), and 4-EBP1 (C) following SPH-SGID treatment, and their corresponding representative immunoblot. (D) Muscle protein synthesis (MPS) after treatment with SPH-SGID and a representative immunoblot of MPS (measured by puromycin incorporation) relative to total protein (loading control). Data reported as mean ± SEM, *compared to negative control, p < 0.01. Ctl-: negative control (amino acid and serum-free media), Ctl+: positive control (100 ng. mL-1 IGF-1).


It has been previously reported that BWPHs stimulated MPS by activation of phosphorylated 4E-BP1 and rpS6 in C2C12 cells (32). However, while no significant changes for these markers were observed following SPH treatment, downstream markers of protein elongation and translation responded differently to SPH, suggesting that these markers—which show higher activation of protein translation, may be more sensitive to subtle anabolic differences. Lees et al. (16) observed a similar response for both mTOR and downstream markers in response to treatment with both fish and milk protein sources. However, in their study, C2C12 cells were exposed to human serum-conditioned media. This media may have other stimulators for activating the mTOR signaling pathway, such as insulin.

The SunSET technique (33) was applied herein to quantify MPS and to verify whether mTOR, rpS6, and 4E-BP1 activation could mediate an increase in MPS in skeletal muscle cells (C2C12 myotubes) following 4 h treatment with SPH-SGID. The results obtained showed that puromycin incorporation was significantly increased in response to SPH-SGID treatment compared to both the negative and positive controls (p < 0.05, Figure 5D). These results support the data from the CI and myotube diameter analyses. As a result, when taken as a whole, SGID boosted skeletal MPS and anabolism in situ, which may be due to an unknown mechanism that increased translation initiation factors rather than boosting mTOR signaling.




Conclusion

To the best of our knowledge, this is the first report on the technofunctional properties, the in vitro and in situ antioxidant ability, and the potential effects of SPH-SGID on C2C12 myotubes. The results demonstrated the potential use of SPH as a technofunctional ingredient for different food applications due to its light color, high protein solubility, and good emulsion activity and stability when compared to results reported for other FPHs. The antioxidant activity based on the ORAC and ROS assays and the improvement in muscle growth and in MPS following SPH treatment in C2C12 cells may be of value to the marine (fish processing) sector and may contribute to the increased use of this small pelagic fish for human consumption to improve muscle health. In vivo studies in human volunteers are warranted to validate these findings.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

RF and BC: conceptualization, supervision, funding acquisition, and writing—reviewing and editing. NS: performing the cell-based experiments and writing the manuscript. NS, RF, AN, and BC: data analysis, interpretation, and statistical analyses. AN: performing the technofunctional property assessments, reading, and editing of the manuscript. PH-R and MA-B: supervision of the study, reading, and editing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded under the National Development Plan, through the Food Institutional Research Measure, administered by the Department of Agriculture, Food, and the Marine, Ireland, under grant issue 2019R617.




Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. FAO. The State of World Fisheries and Aquaculture 2016. Contributing to Food Security and Nutrition for All. Rome: FAO (2016). 

 2. Domingo JL. Nutrients and chemical pollutants in fish and shellfish. Balancing health benefits and risks of regular fish consumption. Crit Rev Food Sci Nutr. (2016) 56:979–88. doi: 10.1080/10408398.2012.742985

 3. Van Anrooy R, Espinoza Córdova F, Japp D, Valderrama D, Gopal Karmakar K, Lengyel P, et al. World Review of Capture Fisheries and Aquaculture Insurance 2022. Food & Agriculture Org. (2022). 

 4. ŠliŽyte R, Rustad T, Storrø I. Enzymatic hydrolysis of cod (Gadus morhua) by-products: optimization of yield and properties of lipid and protein fractions. Process Biochem. (2005) 40:3680–92. doi: 10.1016/j.procbio.2005.04.007 

 5. Ishak N, Sarbon N. A review of protein hydrolysates and bioactive peptides deriving from wastes generated by fish processing. Food Bioprocess Technol. (2018) 11:2–16. doi: 10.1007/s11947-017-1940-1

 6. Dale HF, Madsen L, Lied GA. Fish–derived proteins and their potential to improve human health. Nutr Rev. (2019) 77:572–83. doi: 10.1093/nutrit/nuz016

 7. Kandyliari A, Mallouchos A, Papandroulakis N, Golla JP, Lam TT, Sakellari A, et al. Nutrient composition and fatty acid and protein profiles of selected fish by-products. Foods. (2020) 9:190. doi: 10.3390/foods9020190

 8. Harnedy PA, Parthsarathy V, McLaughlin CM, O'Keeffe MB, Allsopp PJ, McSorley EM, et al. Blue whiting (Micromesistius poutassou) muscle protein hydrolysate with in vitro and in vivo antidiabetic properties. J Funct Foods. (2018) 40:137–45. doi: 10.1016/j.jff.2017.10.045 

 9. Rondanelli M, Rigon C, Perna S, Gasparri C, Iannello G, Akber R, et al. Novel insights on intake of fish and prevention of sarcopenia: all reasons for an adequate consumption. Nutrients. (2020) 12:307. doi: 10.3390/nu12020307

 10. Zamora-Sillero J, Gharsallaoui A, Prentice C. Peptides from fish by-product protein hydrolysates and its functional properties: an overview. Marine Biotechnol. (2018) 20:118–30. doi: 10.1007/s10126-018-9799-3

 11. Babikova J, Hoeche U, Boyd J, Noci F. Nutritional, physical, microbiological, and sensory properties of marinated Irish sprat. Int J Gastronomy Food Sci. 22:100277. doi: 10.1016/j.ijgfs.2020.100277 

 12. BIM. The Business of Seafood: A Snaphot of Ireland's Seafood Sector (2022). Available online at: https://bim.ie/wp-content/uploads/2023/04/BIM-The-Business-of-Seafood-2022.pdf 

 13. Mahdabi M, Shamsaie Mehrgan M, Rajabi Islami H. A comparison of the proximate compositions and amino acids profiles of protein hydrolysates produced from fishmeal effluents (stickwater), fishmeal and muscle of Anchovy sprat. Iranian Sci Fish J. (2022) 30:43–61. doi: 10.22092/isfj.2022.126036 

 14. Mezenovaa OY, Baidalinovaa L, Mezenovaa NY, Agafonovaa S, Volkovb V, Verkhoturovc V, et al. High-temperature hydrolysis as a method for complex processing of sprat (Sprattus sprattus balticus) by-products. J New Technol Mater. (2022) 12:8–14. 

 15. Ovissipour M, Rasco B, Shiroodi SG, Modanlow M, Gholami S, Nemati M. Antioxidant activity of protein hydrolysates from whole anchovy sprat (Clupeonella engrauliformis) prepared using endogenous enzymes and commercial proteases. J Sci Food Agric. (2013) 93:1718–26. doi: 10.1002/jsfa.5957

 16. Lees MJ, Carson BP. The potential role of fish-derived protein hydrolysates on metabolic health, skeletal muscle mass and function in ageing. Nutrients. (2020) 12:2434. doi: 10.3390/nu12082434

 17. Alhussain MH, ALshammari MM. Association between fish consumption and muscle mass and function in middle-age and older adults. Front Nutr. (2021) 8:746880. doi: 10.3389/fnut.2021.746880

 18. Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM. Ingestion of whey hydrolysate, casein, or soy protein isolate: effects on mixed muscle protein synthesis at rest and following resistance exercise in young men. J Appl Physiol. (2009). doi: 10.1152/japplphysiol.00076.2009

 19. Yathisha UG, Vaidya S, Sheshappa MB. Functional properties of protein hydrolyzate from ribbon fish (Lepturacanthus Savala) as prepared by enzymatic hydrolysis. Int J Food Prop. (2022) 25:187–203. doi: 10.1080/10942912.2022.2027964 

 20. Klompong V, Benjakul S, Kantachote D, Shahidi F. Antioxidative activity and functional properties of protein hydrolysate of yellow stripe trevally (Selaroides leptolepis) as influenced by the degree of hydrolysis and enzyme type. Food Chem. (2007) 102:1317–27. doi: 10.1016/j.foodchem.2006.07.016 

 21. Harnedy-Rothwell PA, Khatib N, Sharkey S, Lafferty RA, Gite S, Whooley J, et al. Physicochemical, nutritional and in vitro antidiabetic characterisation of blue whiting (Micromesistius poutassou) protein hydrolysates. Mar Drugs. (2021) 19:383. doi: 10.3390/md19070383

 22. Walsh D, Bernard H, Murray B, MacDonald J, Pentzien A-K, Wright G, et al. In vitro generation and stability of the lactokinin β-lactoglobulin fragment (142–148). J Dairy Sci. (2004) 87:3845–57. doi: 10.3168/jds.S0022-0302(04)73524-9

 23. IDF, Milk. Determination of the Nitrogen (Kjeldahl Method) and Calculation of the Crude Protein Content, IDF Standard 20B. Brussels: International Dairy Federation (1993). 

 24. Spellman D, Kenny P, O'Cuinn G, FitzGerald RJ. Aggregation properties of whey protein hydrolysates generated with Bacillus licheniformis proteinase activities. J Agric Food Chem. (2005) 53:1258–65. doi: 10.1021/jf048754a

 25. Harnedy-Rothwell PA, McLaughlin CM, Crowe W, Allsopp PJ, McSorley EM, Devaney M, et al. Stability to thermal treatment of dipeptidyl peptidase-IV inhibitory activity of a boarfish (Capros aper) protein hydrolysate when incorporated into tomato-based products. Int J Food Sci Technol. (2021) 56:158–65. doi: 10.1111/ijfs.14615 

 26. Cermeno M, Felix M, Connolly A, Brennan E, Coffey B, Ryan E, et al. Role of carbohydrate conjugation on the emulsification and antioxidant properties of intact and hydrolysed whey protein concentrate. Food Hydrocoll. (2019) 88:170–9. doi: 10.1016/j.foodhyd.2018.09.030 

 27. Connolly A, Piggott CO, FitzGerald RJ. Technofunctional properties of a brewers' spent grain protein-enriched isolate and its associated enzymatic hydrolysates. LWT-Food Sci Technol. (2014) 59:1061–7. doi: 10.1016/j.lwt.2014.06.054 

 28. Harnedy PA, O'Keeffe MB, FitzGerald RJ. Fractionation and identification of antioxidant peptides from an enzymatically hydrolysed Palmaria palmata protein isolate. Food Res Int. (2017) 100:416–22. doi: 10.1016/j.foodres.2017.07.037

 29. Carson BP, Patel B, Amigo-Benavent M, Pauk M, Kumar Gujulla S, Murphy SM, et al. Regulation of muscle protein synthesis in an in vitro cell model using ex vivo human serum. Exp Physiol. (2018) 103:783–9. doi: 10.1113/EP086860

 30. Yarnpakdee S, Benjakul S, Kristinsson HG, Bakken HE. Preventive effect of Nile tilapia hydrolysate against oxidative damage of HepG2 cells and DNA mediated by H2O2 and AAPH. J Food Sci Technol. (2015) 52:6194–205. doi: 10.1007/s13197-014-1672-4

 31. Murphy SM, Kiely M, Jakeman PM, Kiely PA, Carson BP. Optimization of an in vitro bioassay to monitor growth and formation of myotubes in real time. Biosci Rep. (2016) 3:36. doi: 10.1042/BSR20160036

 32. Shekoohi N, Amigo-Benavent M, Wesley Peixoto da Fonseca G, Harnedy-Rothwell PA, FitzGerald RJ, Carson BP. A cell-based assessment of the muscle anabolic potential of blue whiting (Micromesistius poutassou) protein hydrolysates. Int J Mol Sci. (2023) 24:2001. doi: 10.3390/ijms24032001

 33. Goodman CA, Mabrey DM, Frey JW, Miu MH, Schmidt EK, Pierre P, et al. Novel insights into the regulation of skeletal muscle protein synthesis as revealed by a new nonradioactive in vivo technique. The FASEB J. (2011) 25:1028–39. doi: 10.1096/fj.10-168799

 34. Consultation F. Dietary protein quality evaluation in human nutrition. FAO Food Nutr Pap. (2011) 92:1–66.

 35. Kristinsson HG, Liang Y. Effect of pH-shift processing and surimi processing on Atlantic croaker (Micropogonias undulates) muscle proteins. J Food Sci. (2006) 71:C304–C12. doi: 10.1111/j.1750-3841.2006.00046.x 

 36. Egerton S, Culloty S, Whooley J, Stanton C, Ross RP. Characterization of protein hydrolysates from blue whiting (Micromesistius poutassou) and their application in beverage fortification. Food Chem. (2018) 245:698–706. doi: 10.1016/j.foodchem.2017.10.107

 37. Geirsdottir M, Sigurgisladottir S, Hamaguchi PY, Thorkelsson G, Johannsson R, Kristinsson HG, et al. Enzymatic hydrolysis of blue whiting (Micromesistius poutassou); functional and bioactive properties. J Food Sci. (2011) 76:C14–20. doi: 10.1111/j.1750-3841.2010.01877.x

 38. Jemil I, Jridi M, Nasri R, Ktari N, Salem RBS-B, Mehiri M, et al. Functional, antioxidant and antibacterial properties of protein hydrolysates prepared from fish meat fermented by Bacillus subtilis A26. Process Biochem. (2014) 49:963–72. doi: 10.1016/j.procbio.2014.03.004 

 39. Benjakul S, Morrissey MT. Protein hydrolysates from Pacific whiting solid wastes. J Agric Food Chem. (1997) 45:3423–30. doi: 10.1021/jf970294g 

 40. Damodaran S. Amino acids, peptides and proteins. Fennema's Food Chem. (2008) 4:217–329. 

 41. Celus I, Brijs K, Delcour JA. Enzymatic hydrolysis of brewers' spent grain proteins and technofunctional properties of the resulting hydrolysates. J Agric Food Chem. (2007) 55:8703–10. doi: 10.1021/jf071793c

 42. Wu W, Hettiarachchy N, Qi M. Hydrophobicity, solubility, and emulsifying properties of soy protein peptides prepared by papain modification and ultrafiltration. J Am Oil Chem Soc. (1998) 75:845–50. doi: 10.1007/s11746-998-0235-0 

 43. Ryan M, McEvoy E, Duignan S, Crowley C, Fenelon M, O'Callaghan D, et al. Thermal stability of soy protein isolate and hydrolysate ingredients. Food Chem. (2008) 108:503–10. doi: 10.1016/j.foodchem.2007.11.001

 44. Sila A, Sayari N, Balti R, Martinez-Alvarez O, Nedjar-Arroume N, Moncef N, et al. Biochemical and antioxidant properties of peptidic fraction of carotenoproteins generated from shrimp by-products by enzymatic hydrolysis. Food Chem. (2014) 148:445–52. doi: 10.1016/j.foodchem.2013.05.146

 45. Naqash SY, Nazeer R. Antioxidant and functional properties of protein hydrolysates from pink perch (Nemipterus japonicus) muscle. J Food Sci Technol. (2013) 50:972–8. doi: 10.1007/s13197-011-0416-y

 46. Pacheco-Aguilar R, Mazorra-Manzano MA, Ramírez-Suárez JC. Functional properties of fish protein hydrolysates from Pacific whiting (Merluccius productus) muscle produced by a commercial protease. Food Chem. (2008) 109:782–9. doi: 10.1016/j.foodchem.2008.01.047

 47. Villamil O, Váquiro H, Solanilla JF. Fish viscera protein hydrolysates: Production, potential applications and functional and bioactive properties. Food Chem. (2017) 224:160–71. doi: 10.1016/j.foodchem.2016.12.057

 48. Binsi P, Viji P, Panda SK, Mathew S, Zynudheen A, Ravishankar C. Characterisation of hydrolysates prepared from engraved catfish (Nemapteryx caelata) roe by serial hydrolysis. J Food Sci Technol. (2016) 53:158–70. doi: 10.1007/s13197-015-1998-6

 49. Taheri A, Anvar S, Ahari H, Fogliano V. Comparison the functional properties of protein hydrolysates from poultry by-products and rainbow trout (Onchorhynchus mykiss) viscera. Iranian J Fish Sci. (2013) 12:154–69. 

 50. Heffernan S, Harnedy-Rothwell PA, Gite S, Whooley J, Giblin L, Fitzgerald RJ, et al. Blue whiting protein hydrolysates exhibit antioxidant and immunomodulatory activities in stimulated murine RAW264. 7 Cells Appl Sci. (2021) 11:9762. doi: 10.3390/app11209762 

 51. Neves AC, Harnedy PA, FitzGerald RJ. Angiotensin converting enzyme and dipeptidyl peptidase-iv inhibitory, and antioxidant activities of a blue mussel (Mytilus edulis) meat protein extract and its hydrolysates. J Aquat Food Product Technol. (2016) 25:1221–33. doi: 10.1080/10498850.2015.1051259 

 52. Theodore AE, Raghavan S, Kristinsson HG. Antioxidative activity of protein hydrolysates prepared from alkaline-aided channel catfish protein isolates. J Agric Food Chem. (2008) 56:7459–66. doi: 10.1021/jf800185f

 53. Neves AC, Harnedy PA, O'Keeffe MB, FitzGerald RJ. Bioactive peptides from Atlantic salmon (Salmo salar) with angiotensin converting enzyme and dipeptidyl peptidase IV inhibitory, and antioxidant activities. Food Chem. (2017) 218:396–405. doi: 10.1016/j.foodchem.2016.09.053

 54. Corrochano AR, Sariçay Y, Arranz E, Kelly PM, Buckin V, Giblin L. Comparison of antioxidant activities of bovine whey proteins before and after simulated gastrointestinal digestion. J Dairy Sci. (2019) 102:54–67. doi: 10.3168/jds.2018-14581

 55. Kleekayai T, Le Gouic AV, Deracinois B, Cudennec B, FitzGerald RJ. In vitro characterisation of the antioxidative properties of whey protein hydrolysates generated under pH-and non pH-controlled conditions. Foods. (2020) 9:582. doi: 10.3390/foods9050582

 56. Zhong Y, Shahidi F. Methods for the Assessment of Antioxidant Activity in Foods. Handbook of Antioxidants for Food Preservation. Amsterdam: Elsevier (2015), 287–333. 

 57. Giblin L, Yalçin AS, Biçim G, Krämer AC, Chen Z, Callanan MJ, et al. Whey proteins: targets of oxidation, or mediators of redox protection. Free Radic Res. (2019) 53:1136–52. doi: 10.1080/10715762.2019.1632445

 58. Xu R, Liu N, Xu X, Kong B. Antioxidative effects of whey protein on peroxide-induced cytotoxicity. J Dairy Sci. (2011) 94:3739–46. doi: 10.3168/jds.2010-3891

 59. Corrochano AR, Ferraretto A, Arranz E, Stuknyte M, Bottani M, O'Connor PM, et al. Bovine whey peptides transit the intestinal barrier to reduce oxidative stress in muscle cells. Food Chem. (2019) 288:306–14. doi: 10.1016/j.foodchem.2019.03.009

 60. Kerasioti E, Stagos D, Priftis A, Aivazidis S, Tsatsakis AM, Hayes AW, et al. Antioxidant effects of whey protein on muscle C2C12 cells. Food Chem. (2014) 155:271–8. doi: 10.1016/j.foodchem.2014.01.066

 61. Lee D-Y, Chun Y-S, Kim J-K, Lee J-O, Lee Y-J, Ku S-K, et al. Curcumin ameliorated oxidative stress and inflammation-related muscle disorders in C2C12 myoblast cells. Antioxidants. (2021) 10:476. doi: 10.3390/antiox10030476

 62. Sivakumar AS, Hwang I. Effects of Sunphenon and Polyphenon 60 on proteolytic pathways, inflammatory cytokines and myogenic markers in H 2 O 2-treated C2C12 cells. J Biosci. (2015) 40:53–9. doi: 10.1007/s12038-015-9503-y

 63. Zhang N, Zhang C, Chen Y, Zheng B. Purification and characterization of antioxidant peptides of Pseudosciaena crocea protein hydrolysates. Molecules. (2016) 22:57. doi: 10.3390/molecules22010057

 64. Hu X-M, Wang Y-M, Zhao Y-Q, Chi C-F, Wang B. Antioxidant peptides from the protein hydrolysate of monkfish (Lophius litulon) muscle: Purification, identification, and cytoprotective function on HepG2 cells damage by H2O2. Mar Drugs. (2020) 18:153. doi: 10.3390/md18030153

 65. Tao J, Zhao Y-Q, Chi C-F, Wang B. Bioactive peptides from cartilage protein hydrolysate of spotless smoothhound and their antioxidant activity in vitro. Mar Drugs. (2018) 16:100. doi: 10.3390/md16040100

 66. Heffernan S, Giblin L, O'Brien N. Assessment of the biological activity of fish muscle protein hydrolysates using in vitro model systems. Food Chem. (2021) 359:129852. doi: 10.1016/j.foodchem.2021.129852

 67. Mendis E, Rajapakse N, Kim S-K. Antioxidant properties of a radical-scavenging peptide purified from enzymatically prepared fish skin gelatin hydrolysate. J Agric Food Chem. (2005) 53:581–7. doi: 10.1021/jf048877v

 68. Pellegrino MA, Desaphy JF, Brocca L, Pierno S, Camerino DC, Bottinelli R. Redox homeostasis, oxidative stress and disuse muscle atrophy. J Physiol. (2011) 589:2147–60. doi: 10.1113/jphysiol.2010.203232

 69. Moulin M, Ferreiro A. Muscle Redox Disturbances and Oxidative Stress as Patho Mechanisms and Therapeutic Targets in Early-Onset Myopathies. Seminars in Cell and Developmental Biology. Amsterdam: Elsevier (2017). 

 70. Mosca N, Petrillo S, Bortolani S, Monforte M, Ricci E, Piemonte F, et al. Redox homeostasis in muscular dystrophies. Cells. (2021) 10:1364. doi: 10.3390/cells10061364

 71. Powers SK, Ozdemir M, Hyatt H. Redox control of proteolysis during inactivity-induced skeletal muscle atrophy. Antioxid Redox Signal. (2020) 33:559–69. doi: 10.1089/ars.2019.8000

 72. Hyatt H, Deminice R, Yoshihara T, Powers SK. Mitochondrial dysfunction induces muscle atrophy during prolonged inactivity: a review of the causes and effects. Arch Biochem Biophys. (2019) 662:49–60. doi: 10.1016/j.abb.2018.11.005

 73. Patel B, Pauk M, Amigo-Benavent M, Nongonierma AB, Fitzgerald RJ, Jakeman PM, et al. A cell-based evaluation of a non-essential amino acid formulation as a non-bioactive control for activation and stimulation of muscle protein synthesis using ex vivo human serum. PLoS ONE. (2019) 14:e0220757. doi: 10.1371/journal.pone.0220757

 74. Laplante M, Sabatini D. mTOR Signaling in Growth Control and Disease Cell. Amsterdam: Elsevier (2015). 

 75. Yoon M-S. mTOR as a key regulator in maintaining skeletal muscle mass. Front Physiol. (2017) 8:788. doi: 10.3389/fphys.2017.00788

 76. Hornberger TA, Sukhija KB, Wang X-R, Chien S. mTOR is the rapamycin-sensitive kinase that confers mechanically-induced phosphorylation of the hydrophobic motif site Thr (389) in p70S6k. FEBS Lett. (2007) 581:4562–6. doi: 10.1016/j.febslet.2007.08.045

 77. Bolster DR, Vary TC, Kimball SR, Jefferson LS. Leucine regulates translation initiation in rat skeletal muscle via enhanced eIF4G phosphorylation. J Nutr. (2004) 134:1704–10. doi: 10.1093/jn/134.7.1704

 78. Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. (2012) 149:274–93. doi: 10.1016/j.cell.2012.03.017



OPS/images/fnut-10-1197274-g005.gif





OPS/images/fnut-10-1197274-t001.jpg
Test sample DH (%) Da 5-10 kDa 1-5 kDa <1 kDa
Molecular mass distribution (%)

SPH 39.71£024 058 194 8.78 88.7
SPH-SGID 41.05 £ 024 0 0.1 97 912

Data reported as mean % SD (n = 3).






OPS/images/fnut-10-1197274-g003.gif





OPS/images/fnut-10-1197274-g004.gif
§ 338 3§
(oo eronsam)
e





OPS/images/fnut-10-1197274-t004.jpg
ORAC value FRAP value ROS production

(wmol TE/g sample) (wmol TE/g sample) (%, H,05)
SPH 587.49 +15.23 10.93 £ 0.46" nd
SPH-SGID 549.42 £ 8.48 5294015 67.64+2.32

Data reported as mean = SD (n = 3). The ROS value in the presence of HO, was expressed as a percentage relative to the control. *Indicates a significant difference at a p-value of < 0.05
between pre- and post-simulated gastrointestinal digestion values. nd, not determined. TE, Trolox equivalent.





OPS/images/fnut-10-1197274-t002.jpg
AA

Non-essential (NEAA Cys
Arg 58.8
Asx 91.5
Pro 35
Ser 382
Glx 137
Gly 48
Ala 55.6
Tyr 283

Essential amino acids Val 379

(EAA) Tle 282
Leu 59.4
Trp 7
Phe 286
His 30
Lys 8238
Met 222
Thr 39.8
EAA 3359
NEAA 498.3
EAA:NEAA 07
BCAA 1255
TAA 834.2

AA residues denoted by their 3-letter code. Asx, aspartic acid and asparagine; Glx, glutamic
acid and glutaming; EAAs, essential AAs; NEAA, non-essential AAs; BCAA, branched chain

AAs; TAA, total AAs.






OPS/images/fnut-10-1197274-t003.jpg
Populations acid ratio

Thr
Infant (up to 6 months) 1.07 0.49* 1.07 0.81 0.61 0.73 0.71 1.42 1.69
Child (6 months to 3 years) 123 0.97* 152 1.04 1.04 1.06 129 171 177
Older child, adolescent, adult 144 125 1.88 112 L1l 115 1.64 204 221

*AA score (Ist limiting amino acid), AA residues are denoted by their three-letter code. SAA, sulfur AAs; AAA, aromatic AAs.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Physicochemical, technofunctional, in vitro antioxidant, and in situ muscle protein synthesis properties of a sprat (Sprattus sprattus) protein hydrolysate



		Introduction



		Materials and methods



		Chemicals and reagents



		Direct enzymatic hydrolysis of the sprat protein hydrolysate



		Simulated gastrointestinal digestion



		Protein and AA quantification



		Physicochemical characterization



		Color measurement



		Protein solubility index



		Heat coagulation time



		Emulsification properties



		In vitro antioxidant analyses



		ORAC assay



		FRAP assay









		Cell culture



		WST-1 cell viability assay









		Cellular antioxidant assay



		Cell viability in the presence of two oxidative stress inducers (AAPH and H2O2)









		Intracellular ROS assay



		Electrical impedance measurement



		Myotube diameter measurement



		Western blot analysis



		Muscle protein synthesis



		Statistical analysis







		Results and discussion



		Properties and physicochemical characteristics of the SPH



		Technofunctional properties of SPH



		Color measurement









		Protein solubility



		Heat stability



		Emulsion properties (EAI and ES)



		In vitro antioxidant activity



		Cell line experiments



		Cell viability assay (WST-1)









		Cellular antioxidant activity



		Myotube growth and size



		Muscle protein synthesis







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Physicochemical,
technofunctional, in vitro
antioxidant, and in situ muscle
protein synthesis properties of a
sprat (Sprattus sprattus) protein
hydrolysate





OPS/images/fnut-10-1197274-g001.gif
20

©

g 8 8 R
(%) Aianios uosd

120

100

50

0

0

PH





OPS/images/fnut-10-1197274-g002.gif





OPS/images/math_1.gif
'2x2.303Abssgg x Dilution Factor/1(1 — @)c 10, 000





OPS/images/inline_1.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





