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ABSTRACT

This study was aimed to evaluate the effect of heat damage on the release of total amino acids 
(AA), essential AA (EAA), branched-chain AA (BCAA) and bioactive peptides following in vitro 
static simulated gastrointestinal digestion (SGID) of four commercial whey-protein based sports 
supplements. The extent of protein glycation and denaturation was evaluated through the 
determination of the content of furosine and soluble whey proteins. The strongest protein 
breakdown (41.3 %) and the highest release of AA, EAA and BCAA (36.20, 27.78, and 11.30 g/100 
g protein, respectively) was observed in the sports supplement characterised by the lowest (52.5 
%) level of soluble whey proteins; whereas the protein glycation had a negligible impact on the 
studied parameters. The SGID also led to the release of several peptides with various reported 
bioactivities that may be beneficial to sports activity.

Keywords: whey-based sports supplements; in vitro static digestion; heat damage; protein 
breakdown; amino acids; bioactive peptides

1. Introduction

Bovine caseins (CN) and whey proteins (WP) are utilized, either alone or in combination, 
for manufacturing sports supplements (SPS). Whey proteins account for approximately 18% of 
the total protein content of bovine milk. Beta-lactoglobulin (LG) and α-lactalbumin (LA) are the 
predominant (45–55% and 15–25%, respectively), followed by immunoglobulins (10–15%), 
glycomacropeptide (10–15%, GMP, only in cheese sweet whey), bovine serum albumin (BSA, 
10%), and other minor proteins (<1%) such as lactoferrin and lactoperoxidase (Goulding, Fox, & 
O’Mahony, 2020).

Different types of WP are commercially available, and they include WP concentrates 
(WPC), WP isolates (WPI) and WP hydrolysates (WPH). Whey protein concentrate and WPI are 
obtained from whey resulting from cheese-making process or acid casein production. The whey 
is submitted to heat treatment (pre-heating) to achieve the microbiological safety and then 
passed through ultrafiltration (UF) membranes to retain WP. Diafiltration of UF retentate is 
applied during manufacturing of WPC with high protein content (>60%) and WPI (>90%). After 
concentration (evaporation) and spray-drying of the retentate, WP powders with a protein 
content ranging from 35 to 95% are obtained. The amount of individual WP can vary as 
application of ion exchange chromatography can provide additional protein selectivity and 
enrichment in manufacturing of WPI. Hydrolysates are partially enzymatically hydrolyzed WPC or 
WPI and, therefore, they are characterized by presence of short peptides and free amino acids 
(AA) depending on the proteolysis extent they underwent. Generally, WPH designed for SPS 
contain moderately-to-highly (2–8%) hydrolysed WP (Foegeding, Luck and Vardhanabhuti, 2011).

Whey proteins in either native or hydrolyzed forms are used for formulating infant 
formulas, supplements for nutritional and therapeutic foods, and, historically, for bodybuilding 
and sports nutrition. In this regard, WPC, WPI and WPH largely predominate as protein source 
for SPS formulation (Couto Almeida, Guerra Monteiro, Reis Carneiro da Costa-Lima, Silveira 
Alvares, & Conte-Junior, 2015). Potential interesting nutritional and metabolic effects such as 
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protein replenishment, increased muscle mass, weight loss, increased energy intake and 
improved performance as well as recovery justify the consumption of WP-based SPS (West, Abou 
Sawan, & Moore, 2017). Whey proteins have also the functions of improving immunity, anti-
oxidation, alleviating fatigue, enhancing muscle exercise capacity, and strengthening bone 
quality (Zhao & Ashaolu, 2020). Whey proteins are high-quality proteins containing all essential 
amino acids (EAA), and they are relatively rich in the branched-chain AA (BCAA) (Brennan, Keerati 
& Bolster,2019). Besides, WP (mainly LA) are particularly rich in the AA Trp, a limiting factor in 
serotonin synthesis (Markus, Olivier, & de Haan, 2002), and in sulfur-containing AA involved in 
the synthesis of glutathione, a tripeptide characterized by high antioxidant activity (Parodi, 2001).

Sports supplements contain WPI and WPC with variable level of heat denaturation. Beta - 
lactoglobulin and LA are globular heat-sensitive proteins and, during processing of native whey, 
their structure can denature and aggregate due to the pre-heating treatment. In addition, this 
manufacturing step, together with concentration by evaporation and spray-drying, may result in 
protein glycation and protein cross-linking (Cattaneo, Masotti, & Pellegrino, 2012). The extent of 
the changes caused by heat treatment can affect the digestibility of WPC/WPI (Cattaneo, 
Stuknyte, Masotti, & De Noni, 2017) and consequently the release as well as bioavailability of AA 
and peptides in the gastrointestinal tract. This has a substantial nutritional relevance considering 
that WP are an excellent source of EAA and BCAA, which are paramount for their effectiveness 
in sports nutrition (Couto Almeida et al., 2015). Indeed, digestion of WP leads to an increase of 
the AA Ile, Leu and Val circulating in blood. These BCAA act as a substrate in protein synthesis 
and energy production. In combination with exercise, they lead to an increase in muscle mass, 
play a key role in neurotransmission processes and glucose metabolism, and help to improve 
symptoms of the syndrome of cachexia (Piestansky, Matuskova, Cizmarova, Olesova, & Mikus, 
2021).

Whey proteins may be also an important source of bioactive peptides (BAPs) that are 
released during both manufacturing (enzymatic hydrolysis) and digestive processes. The effects 
of such BAPs have long been known and studied, and recently there has been increasing scientific 
evidence of their health benefits in sports nutrition (König, Kohl, Jerger, & Centner, 2021). 
Angiotensin-converting enzyme inhibitory (ACE-inhibitory), Dipeptidylpeptidase-IV (DPP-IV) 
inhibitory, cytomodulatory, antioxidant, anti-inflammatory, antimicrobial, opioid and mineral-
binding peptides are the main reported functionalities (Madureira, Tavares, Gomes, Pintado, & 
Malcata, 2010). Some authors have also highlighted the positive effects of certain whey BAPs on 
vascular function, body composition and the improvement of endurance performance (Zhao, 
Chen, & Ashaolu, 2022). It has also been reported that peptides derived from WP can improve 
muscle regeneration processes (Lollo et al., 2014) and prevent sarcopenia (Cheah & Cheah, 
2023).

In general, the effects of proteins of different sources and AA composition have been the 
focus of sports-specific research for many years. To the best of our knowledge, the AA and 
peptide profiles of SPS after in vitro gastrointestinal digestion have not been evaluated so far, 
also in relation to heat damage of the WP they contain. Moreover, no studies reported the BAPs 
profile of digested WP-based SPS. Considering the potential physiological effects resulting from 
the consumption of SPS, the present study was undertaken to determine the heat damage 
suffered by four commercial WP-based SPS, and to assess the AA and (bio)peptides released after 
in vitro static simulated gastrointestinal digestion (SGID).

https://www.webofscience.com/wos/author/record/37489694
https://www.webofscience.com/wos/author/record/18824705
https://www.webofscience.com/wos/author/record/18824705
https://www.webofscience.com/wos/author/record/516536
https://www.webofscience.com/wos/author/record/5686968
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2. Materials and methods

2.1. Sports supplement samples

Four samples of WP-based powdered SPS were selected from a local sports food store; 
they were kept under refrigerated conditions and analyzed within one week. According to labels, 
SPS contained soy lecithin and WPI (samples S1, S2 and S3) or WPC (sample S4). The protein, 
lactose and water contents of SPS are reported in Table 1. These constituents were determined 
according to standards ISO 8968:2014, ISO 22662:2007 and ISO 5537:2004, respectively. The 
standard ISO 17997-1:2004 was adopted for the determination of the casein nitrogen content.

2.2. Evaluation of heat-damage of sports supplements

The content of furosine (FUR) was determined according to ISO 18329/IDF 2012 method. 
Briefly, a sample aliquot, corresponding to 50 mg of protein, was hydrolyzed (with 8 N HCl) at 
110 °C for 23 h, and then submitted to solid phase extraction on a 500 mg C18 cartridge 
(Millipore, Milford, MA, USA). Ion Pairing – Reverse phase HPLC was performed on a C8 furosine-
dedicated column (Alltech, Lokeren, Belgium) with the UV detection at 280 nm. The level of 
soluble WP was evaluated according to ISO 13875/IDF 2012 methods.

2.3. In vitro static simulated gastrointestinal digestion of sports supplements

Enzyme activity determination and in vitro SGID were performed according the INFOGEST 
static protocol as reported by Brodkorb et al. (2019). Salivary, gastric and intestinal simulated 
fluids (SSF, SGF and SIF, respectively) were prepared accordingly. In detail, SPS powders were 
dissolved in distilled water to the concentration (25–30 g/100 mL water) recommended by the 
manufacturer of SPS. Five mL of sample were supplemented with 5 mL SSF at pH 7.0 and kept for 
2 min at 37 °C to reproduce the salivary phase of digestion. The gastric phase was performed by 
adding 10 mL SGF, porcine pepsin (2000 U/mL digest) and rabbit gastric lipase (60 U/mL) along 
with 1 M HCl to reach pH 3.0. The gastric phase was simulated at 37 °C for 2 h in slight stirring. 
Upon completion of the gastric phase, 20 mL SIF containing bile salts (20 mM) were aliquoted to 
each digest. Subsequently porcine pancreatin (8 × USP,100 U/mL trypsin activity) was added, and 
the intestinal phase was performed at 37 °C for 2 h at pH 7.0 (reached with 1 M NaOH) in slight 
stirring. At the end of the SGID, the samples were immediately frozen. The mineral salts for 
simulated fluid preparation, enzymes and bile salts were from Merck (Darmstadt, Germany). 
Each digestion was carried out in triplicate.

2.4. Determination of protein breakdown
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Sports supplement powders were dissolved in distilled water to the concentration 
recommended by the manufacturer of SPS (as reported above) and ultrafiltered through a 3 kDa 
regenerated cellulose membrane in an Amicon stirred ultrafiltration cell (Merck, Darmstadt, 
Germany). The SPS digests were ultrafiltered in the same conditions as they are. The amount of 
the nitrogen (N) content was determined to assess the extent of protein breakdown before and 
at the end of SGID. The protein breakdown (as % of total N, TN) was calculated by Eq. (1): 

((NSGID - Nb) – NSB)/TN × 100   (1)

where: NSGID, N (nitrogen) content of the UF (3 kDa) permeate of the samples after SGID; Nb, N 
content of the UF (3 kDa) permeate of the blank SGID sample (enzymes, bile salts and simulated 
digestive fluids) after SGID; NSB, N content of UF (3 kDa) permeate of the samples before SGID; 
TN, total N content of the samples.

The N content of each fraction was determined by Kjeldahl method according to the 
International standard ISO 8968–2014.

2.5. SDS-PAGE

SDS-PAGE of SPS before and after SGID was performed using 12% polyacrylamide gels. 
Before analysis samples were diluted 1:1 (v/v) with Tricine Sample Buffer (Bio-Rad Laboratories, 
Hercules, CA, USA) containing 2% 2-mercaptoethanol and heated at 95 °C for 5 min. Gels were 
run in TRIS/Tricine/SDS Running Buffer (Bio-Rad) on a Mini vertical electrophoresis unit (SE250, 
Hoefer, Holliston, MA, USA) at a constant voltage of 60 V. Standard proteins of LA and LG (Merck), 
Na caseinate (Fonterra, Auckland, New Zealand) and Spectra Multicolor Low Range Protein 
Ladder (1.7–40 kDa; Thermo Fisher Scientific, Pierce Biotechnology, Rockford, IL, USA) were run 
together with the samples. Finally, gels were stained with Coomassie Blue R-250.

2.6. Determination of free amino acids by HILIC UPLC/HR-MS

In vitro digested samples of SPS were centrifuged 10,000 x g for 10 min and the obtained 
supernatant was filtered through a 3 kDa MWCO Omega polyethersulfone UF membrane in a 
Nanosep Advance device (Pall, Life Sciences, Port 266 Washington, NY, USA). An Acquity UPLC 
module (Waters, Milford, MA, USA) coupled to the Q Exactive high-resolution mass spectrometer 
(HR-MS, Thermo Fisher Scientific, San Jose, CA, USA) was used to quantify free AA in the digests. 
Ten μL of sample (diluted 10:90 with eluent B) were separated with an Acquity UPLC (Waters, 
Milford, MA, USA) on an Accucore 150 Amide HILIC column (150×2.1 mm, 2.6 μm) (Thermo Fisher 
Scientific) kept at 30 °C. Eluents were 90/10 (v/v) water/200 mM aqueous ammonium formate 
at pH 2.8 (eluent A) and 90/10 (v/v) acetonitrile/200 mM aqueous ammonium formate at pH 2.8 
(eluent B). Mobile phases were prepared as described by Park et al. (2019). For the UPLC 
separation, a linear elution gradient was applied (100% to 85% of eluent B in 8 min) at a flow rate 

https://www.webofscience.com/wos/author/record/26958269
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of 0.4 mL/min, followed by a column wash and re-equilibration (run-to-run time 20 min). The LC 
eluate was analyzed by HR-MS on a Q Exactive instrument (Thermo Fisher Scientific) interfaced 
through a HESI-II probe for electrospray ionization (Thermo Fisher Scientific). The ion source and 
interface conditions were: spray voltage 2500 V (positive polarity); probe heater temperature 
280 °C; ion transfer tube temperature 350 °C; S-lens RF level 50; sheath gas pressure 35 psig; 
auxiliary gas pressure 15 psig. Mass spectra were acquired over the m/z range 50–500 in positive 
polarity in a Full MS mode. The resolution was set at 70,000. The automatic gain control (AGC) 
target was 3×106, and maximum ion injection time was 200 ms. Identification and quantification 
of AA was conducted using the Xcalibur software (v3.0, Thermo Fisher Scientific). Peak areas were 
calculated from extracted ion chromatograms of each AA protonated ions, with 3 ppm mass 
tolerance. Analyses were performed in triplicate and the results were expressed as means ± 
standard deviation. Serial dilutions of single AA were prepared as external standards (5 points 
calibration curve).

2.7. Determination of peptides in sports supplement digests by reverse-phase UPLC/HR-MS/MS

Five µL of 10-kDa-ultrafiltered [Omega polyethersulfone UF membrane in a Nanosep 
Advance device (Pall Life Sciences)] samples were separated with an Acquity UPLC module 
(Waters, Milford, MA, USA) on an Aeris PEPTIDE XB-C18 column (150×2.1mm, 1.7µm) 
(Phenomenex, Torrance, CA, USA) kept at 50 °C. Eluents were: 0.1% (v/v) formic acid (FA) in 
MilliQ-treated water (solvent A) and 0.1% (v/v) FA in acetonitrile (solvent B). For the UPLC 
separation, a linear elution gradient was applied (2% to 55% of solvent B in 35min) at a flow rate 
of 0.3mL/min. The LC eluate was analysed by UPLC/HR-MS/MS on a Q Exactive instrument 
(Thermo Fisher Scientific, San Jose, CA, USA) interfaced through a HESI-II probe for electrospray 
ionization (Thermo Fisher Scientific). The ion source and interface conditions were set as 
previously reported (Cattaneo et al., 2017). The LC eluate was analyzed by MS using full scan and 
data dependent tandem MS analysis (ddMS2) of the ten most intense ions (Top10). Mass spectra 
were acquired over m/z range 100–1500; the ten most intense 1+–8+-charged ions detected in 
each spectrum underwent HCD fragmentation (ddMS2, data dependent scan acquisition mode). 
The resolution was set at 70000 and 17500 for full scan and ddMS2 scan types, respectively. The 
AGC targets were 1×105, and maximum ion injection times were 110ms.

High-resolution mass spectrometry data were processed and peptides were identified 
with Proteome Discoverer v1.4 software (Thermo Fisher Scientific). Automatic peak detection 
was performed with a setting of a signal-to-noise ratio of 4. Peptide sequences were identified 
from MS/MS spectra using SequestHT algorithm against the protein database of Bos taurus 
(UniProt taxon ID 9913). A non-specific enzyme cleavage pattern was defined, and 12 missed 
cleavage sites (maximum allowed for the algorithm) were set. Phosphorylation of Ser and Thr, 
deamidation of Asp, Gln and Arg, oxidation of Met and cyclisation of an N-terminal Gln to pyro-
Glu were selected as dynamic modifications. Mass error tolerance for precursor ions was 5 ppm 
and for fragment ions was 0.02 Da. A strict false discovery rate of peptide identification was set 
(FDR=0.01). Two digests (obtained in a two consecutive days) of the same sample were used for 
the UPLC/HR-MS/MS analysis by performing double injections of each. The resulting four data 
processing outputs were merged to obtain multiconsensus reports with an absolute number of 
peptides that was found in any sample.
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Peptides identified in all samples were examined for homology using the Milk Bioactive 
Peptide Database (Species Bos taurus, updated January 15, 2024) (Nielsen et al., 2023). The 
search was performed setting the following parameters: “100” for similarity threshold, “identity” 
for AA scoring matrix and “yes” for getting extra output.

2.8. Statistical analysis

In order to study significant differences between the variables, analysis of variance 
(ANOVA) was performed, with a confidence interval of 95% (p < 0.05). The statistical difference 
was determined using the Daniel’s XL Toolbox addin for Microsoft Excel, version 7.3.4 (Daniel 
Kraus, Würzburg, Germany; www.xltoolbox.net).

3. Results and discussion

3.1. Gross composition of sports supplements

Whey protein isolate and WPC are extensively used for applications in which proteins play 
a dominant nutritional and functional role such as for manufacturing of SPS. In this study, we 
considered four commercial products of WP-based SPS, named S1, S2, S3 and S4. We firstly 
analyzed SPS for protein, lactose and water contents (Table 1). The determined values 
overlapped those reported in literature for similar SPS. For instance, Sánchez-Oliver, Contreras-
Calderón, Puya-Braza, & Guerra-Hernández (2018) analyzed 14 and 3 samples of protein powder 
containing only WPC or WPI, respectively. The mean sugar and protein contents of the former 
were 10.9 and 80.8 g/100 g, respectively, while the lowest sugar content was 0.9 g/100 g. In WPI, 
the sugar level ranged from <1.0 to 2.3 g/100 g, and that of proteins from 84.5 to 94.6 g/100 g. 
Overall, these values, and those of the SPS considered in the present study, reflect the different 
processing conditions adopted for manufacturing of WPC and WPI.

3.2. Determination of the protein profile of sports supplements

We assessed the protein profile of SPS by SDS-PAGE (Fig. 1), and revealed the presence of 
a significant amount (25.3 g/100 g) of CN, not declared on the label, in sample S1. In WP-based 
SPS the presence of low CN amount and CN-derived peptides can be justified. Indeed, whey 
(generally deriving from cheese manufacture process) used as a raw material for SPS production 
contains small amount of CN according to the adopted cheese-making technology. These are CN 
(sub-)micelles that remain in the WP powders even after UF and/or diafiltration processes. On 
the other hand, the presence of high concentrations of CN, such as in sample S1, is likely 
attributable to addition of caseinates or milk protein concentrate powders.

http://www.xltoolbox.net
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3.3. Heat-damage of sports supplements

We assessed the heat-damage through the determination of furosine and soluble WP. 
The former index evaluates the extent of Maillard reaction (MR) induced in food by heat load, 
and in dairy products it refers to the amount of lactulosyllysine (ε-N-(furoylmethyl)-l-lysine), i.e. 
the Amadori compound formed during the initial phase of MR upon the reaction of Lys and 
lactose (Rufián-Henares, Delgado-Andrade, Jimenez-Perez, & Morales, 2007). Generally, very low 
levels of lactose are present in WPI, as the diafiltration process applied in their production 
process eliminates soluble components, lactose among them. Nonetheless, the removal of 
lactose is highly variable, and it is influenced by the production process, pH and washing steps 
(diafiltration) the product undergoes (Cattaneo et. al., 2012).

Low amounts of lactose were present in samples S1, S2 and S3, whereas the highest level 
was detected in sample S4 (Table 1). Reducing sugars can react with WP during heating, spray-
drying and storage of SPS, thus enhancing MR development. The FUR levels of samples S1, S2 
and S3 were 158 ± 5, 176 ± 8 and 125 ± 6 mg/100 g protein, respectively. The highest level (354 
± 11 mg/100g protein) characterized sample S4, which also presented the highest lactose content 
(Table 1). The FUR values of the studied SPS were within the range provided by Rufián-Henares 
et al. (2007), who assessed the heat damage of different commercial SPS based on WPI or WPC 
as protein ingredients. In detail, the FUR level ranged from 2.8 to 1125.7 mg/100 g protein, and 
it was usually lower in samples containing mainly WPI, and with an average value of 150 mg/100 
g of protein. The same authors suggested a reference FUR value of 70 mg/100 g protein as a 
quality marker of dried milk-protein ingredients used in SPS formulation. Sánchez-Oliver et al. 
(2018) obtained similar results since they found three times less FUR in SPS containing WPI than 
in SPS containing WPC (181 vs 464 mg/100 g protein, on average).

Heat denaturation of WP proceeds according to time/temperature ranges characteristic 
for each protein. Denaturation of LA and LG begins at about 70 °C. The undenatured (native 
soluble) forms of WP can be quantified and their level is considered a reliable index for assessing 
the heat damage of WPC and WPI (Wouters, Boeve, Dams, & Joye, 2022). In this regard, very 
similar content of soluble WP characterized samples S1, S3 and S4 (73.6, 72.3 and 77.3% of total 
WP, respectively). Contrarily, sample S2 showed the lowest content (52.5% total WP). Overall, 
these values were not directly related to the FUR values. This fact is likely due to the different 
activation energy, and hence kinetics, that characterizes MR and WP denaturation, which can 
differently develop during the different (pre-)heating and spray-drying steps adopted for WPI 
and WPC manufacturing (Cattaneo et. al., 2012).

3.4. Protein breakdown of digested sports supplements

The heat treatments in presence of reducing sugars applied in WPC and WPI 
manufacturing may induce protein denaturation, aggregation, glycation and cross-linking. These 
phenomena can modify the protein structure altering the enzymatic protein breakdown, and 
thus the kinetics of peptide and AA release during gastrointestinal digestion (Rutherfurd and 
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Moughan, 2012). Therefore, it is important to consider enzymatic degradability of WP when the 
nutritional properties of WP-based SPS are compared. As it is known, native LG is not digested 
by pepsin, since the specific cleavage sites for the enzymes are generally buried in the protein 
hydrophobic core. On the contrary, LG unfolding upon heating causes loss of tertiary structure 
and an increase in digestibility as the protein is more accessible to digestive enzymes (Singh, 
Øiseth, Lundin, & Day, 2014). The results that we obtained from the evaluation of the protein 
breakdown support these findings. Indeed, sample S2 presented the highest level of protein 
breakdown (41.3 ± 2.1 % of total N) along with the lowest content of soluble (undenatured) WP 
(52.5% total WP). We determined the lowest level of protein breakdown (33.7 ± 1.1 %) in sample 
S4 along with the highest content of soluble WP (77.3% total WP). The samples S1 and S3 
overlapped for protein breakdown (36.9 ± 1.9 and 36.6 ± 1.4 % of total N, respectively) and WP 
denaturation (73.6 and 72.3% total WP, respectively). Different authors reported a reduction of 
protein hydrolysis during in vitro digestion of glycated (Chevalier, Chobert, Popineau, Nicolas, & 
Haertl, 2001) or cross-linked proteins via MR (Gerrad et al.,2012). The data obtained in this study 
show that the effect of MR on protein breakdown during SGID appears to be less pronounced 
than that observed for protein denaturation. The protein breakdown of sample S4 was only 
slightly lower than that of the other samples, although it showed more than double FUR value.

3.5. Free amino acid profile of digested sports supplements

Prompt degradability of WP is important for SPS, since it results in a great increase in 
postprandial plasma AA availability and thereby further stimulated postprandial muscle protein 
synthesis (Zhao & Asholou, 2020). The total free AA content in sample S2 overcame those of the 
other samples (Table 2). About 36% and 20–25% of WP were degraded to free AA in sample S2 
and the other samples, respectively. Sample S2 presented the lowest level of soluble WP (52.5% 
total WP) and the highest level of protein breakdown (41.3 ± 2.1 % of total N).

Generally, athletes take advantage of WPC and WPI because protein hydrolysis provides 
biologically important AA. In this regard, EAA in SPS are primarily responsible for stimulation of 
muscle protein synthesis following ingestion (Cuthbertson et al., 2005). Essential AA also help 
regulating several important metabolic pathways of immune cells, from cell response to oxidative 
stress and anti-inflammatory response, all of which are essential for an optimal immune function 
and for recovery after physical training (Cruzat, Krause, & Newsholme, 2014). In the present 
study, EAA accounted for 70–77% of total free AA in all digested SPS (Table 2). The highest and 
the lowest contents of EAA were recovered in digests of samples S2 and S4, respectively (Table 
2). Bovine LA and LG contain approximately 23–28% of BCAA. The total free BCAA content of the 
sample S2 almost doubled that of the other SPS samples (Table 2), while BCAA represented 25–
31% of total free AA released in all digested samples. In detail, Leu accounted for about 71–81% 
of BCAA. This AA mostly acts in stimulating muscle protein synthesis and in decreasing protein 
degradation (Jäger et al., 2017). It has been suggested that intake of 1–3 g Leu can maximize 
muscle protein synthesis in active and trained individuals (Jäger et al., 2017). By considering the 
protein content of the studied SPS and their recommended dosage (25–30 g), they would provide 
about 1.2–2.5 g Leu per serving. In addition to Leu content, it has been suggested that the rapidity 
of protein digestion and thus the peak plasma concentration of Leu is important for achieving 
maximal muscle protein recovery (Phillips, 2014).
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In digested sample S2, we determined greater amounts of other EAA, namely Met, Thr 
and Lys, and the highest content (8.4 g/100 g protein) of non-EAA (Table 2). This sample also 
presented the highest content (17.2 g/100 g protein) of Phe, Trp, Tyr and Leu potentially causing 
bitter taste. In comparison, the SPS digests S1, S3 and S4 possessed 13.9, 12.2 and 9.9 g/100 g 
protein, respectively. The release of Trp in digests was quite similar for samples S1, S2 and S3 
(Table 2). Tryptophan is a precursor of serotonin, which is known to suppress food intake and 
promote satiety (Halford, Boyland, Lawton, Blundell, & Harrold, 2011). Alpha-lactalbumin is 
easily and quickly ingested, having a higher content of Trp in comparison to LG (6% vs 2.6%), and 
thus is considered a source of this AA (Markus et al., 2002). Overall, the highest content of both 
free EAA and free BCAA characterized the digested sample S2.

Summing-up, the higher was the degree of protein breakdown the larger was the release 
of total AA, BCAA and EAA (Fig. 2).

The data obtained overlap those observed for the protein breakdown and confirm the 
enhancing effect of whey protein denaturation and the negligible role of the measured level of 
glycation on the release of amino acids. This evidence is justified by the fact that AA can be 
considered as the final product of protein digestion.

3.6. Peptide profile of digested sports supplements

We determined the sequences of peptides by UPLC/HR-MS/MS and identified a total of 
527, 501, 362 and 386 unique peptides in digests of samples S1, S2, S3 and S4, respectively (Table 
3).

On average, the species deriving from β-CN and LG represented more than half of the 
detected peptides (Table 3). As previously reported, the occurrence of CN-derived peptides in 
digested WPC and WPI can be explained by the presence in the whey of both casein micelles or 
submicelles that are not retained in the coagulum during cheese-making or acid casein 
manufacturing. More specifically, presence of β-CN peptides was likely related to the hydrolysis 
of proteose peptones, which derived from the plasminolysis of β-CN and were retained during 
UF. Peptides deriving from κ-CN could also arise from GMP deriving from rennet coagulation of 
cheese milk. Other research studies also reported contamination with CN (peptides) partially 
hydrolyzed WP (Wada & Lönnerdal, 2015). Overall, LG released the highest number of peptides 
in digests with exception of sample S1, which contained CN. This resulted in the highest number 
of peptides being released from CN. About half of the peptides equally released from WP and CN 
in digested samples S2 and S4. In sample S3, peptides from WP largely prevailed on CN peptides.

Overall, the detected peptides showed a MW from 396 to 3201 Da, and their distribution 
within the range <0.5 to 3.5 kDa was very similar among SPS digests (Fig. 3). Those with MW in 
the range 0.5–1 kDa largely prevailed, followed by peptides sized 1.0–1.5 kDa. It should be noted 
that MS/MS data processing algorithm did not allow to reveal di- and tri-peptides.

Among the detected peptides, 134, 157, 28 and 33 were distinctive to digests of samples 
S1, S2, S3 and S4, respectively (Fig. 4). Contrarily, the digests shared 99 CN-derived and 128 WP-
derived peptides (Fig. 4).
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Among the common peptides, 33 were ascribed to BAPs (Table 4) by searching against 
the Milk Bioactive Peptide Database (Nielsen et al., 2023). Contrarily, 18, 5 and 2 BAPs were 
identified only in digests of samples S1, S2 and S3, respectively when matching sequences against 
the same Database (Table 4). Two-thirds of BAPs released from CN in a digest of sample S1.

As reported by König et al. (2021), there is scientific evidence for positive effects of certain 
BAPs in sports nutrition and performance. In this regard, most of the common or distinctive BAPs 
found in digests may be relevant, as they have been reported to elicit ACE-inhibitory, DPP-IV-
inhibitory, antimicrobial and antioxidant properties (Table 4) (Zhao et al., 2020).

Angiotensin-converting enzyme-inhibitory peptides represented the main class of BAPs 
identified in SPS digests. It is known that some BAPs can improve endothelial function by 
suppressing ACE and influencing performance (Ballard et al., 2013). Moreover, BAPs are 
increasingly considered as a crucial factor for regulating muscle protein turnover (Lollo et al., 
2014). We found the peptides YQEPVLGPVR and LNVPGEIVE from β-CN in all SPS digests, and 
they, together with the WP-derived peptides VSLPEW (from LA), IIAEK, IPAVFK VLDTDYK, ALPMH, 
GLDIQK, LDIQK and ALPMHIR (from LG), were reported to exhibit strong ACE-inhibitory activity 
(Pihlanto-Leppälä, Koskinen, Piilola, Tupasela, & Korhonen, 2000). The presence of the 
antihypertensive peptide ALPMHIR was revealed in all digests. This peptide was previously found 
by the other investigators to be absorbed through the mucosal side of Caco-2 cell monolayers in 
an Ussing chamber and to reach the serosal side undegraded (Vermeirssen et al., 2002). Other 
ACE-inhibitory peptides (VAGTWY from LG and LHLPLPL, KVLPVPQ, NIPPLTQTPV from β-CN) were 
present only in digests S1, S2and S4 (Table 3). The species YKVPQL (from αS1-CN), AMKPW (from 
αS2-CN), NIPPLTQTPVVVPPFLQ (from β-CN), PGPIPN (from β-CN) and LDTDY (from LG) were 
present only in sample S1. Interestingly, other research studies found these CN-derived peptides 
in hydrolysates of milk and milk proteins produced by fermentation with (proteinase of) lactic 
acid bacteria (Hayes et al., 2007).

The peptides PFPGPIPN, YPFPGPIPN and VYPFPGPIPN from β-CN are known as multi-
functional BAPs with ACE-inhibitory, antioxidant, DPP-IV-inhibitory and opioid agonist activities 
(Eisele, Stressler, Kranz, & Fischer, 2013). The species YPFPGPIPN and VYPFPGPIPN were reported 
to survive in vitro SGID (Tagliazucchi, Helal, Verzelloni, & Conte, 2016). They were also found in 
human gastrointestinal tract (Boutrou et al., 2013). Also, the peptides TTMPLW and DAYPSGAW 
from αS1-CN can inhibit ACE (Pihlanto-Leppälä, Rokka, & Korhonen, 1998). The antihypertensive 
activity of the former peptide was also demonstrated in vivo when administered to rats 
(Maruyama, Mitachi, Aawaya, Kurono, Tomizuka, & Suzuki, 1987). Otte, Shalaby, Zakora, & 
Nielsen (2007) described the peptide VSLPEW, found in an enzymatic hydrolysate of LA, as a 
potent ACE-inhibitor. This peptide was present in all our studied digests.

During SGID, CN and WP can also release antioxidant peptides, which protect from the 
oxidative damage and the onset of oxidative diseases (Tagliazucchi et al., 2016). Bioactive 
peptides potentially eliciting antioxidant properties generally possess hydrophobic AA (Pro, Leu, 
Phe, Trp, Tyr and Met) at their C-terminus, thus making the peptides capable to bind free radicals 
(Tavares et al., 2011). In addition, AA with aromatic residues (His and Pro) can donate electrons 
to charged radicals and potentially prevent oxidative stress, which can damage cellular 
constituents without suitable scavenging and clearance of reactive oxygen species. Among the 
antioxidant BAPs, we found the peptide YFYPEL in the digest of sample S1. This peptide is a 
fragment released form αS1-CN, and it has free radical scavenging effects (Suetsuna, Ukeda, & 
Ochi, 2000). As reported by Corrochano, Buckin, Kelly, & Giblin (2018), also peptides from WP 
have shown to possess antioxidant potential. The sequence TPEVDDEALEK from LG is an iron-
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binding peptide (Cruz-Huerta et al., 2016) that we found in all our studied digested samples. This 
peptide also elicits antimicrobial activity (Mann et al., 2015). Tavares et al. (2011) discovered 
highly potent peptides from LA in WPC hydrolysates, DKVGINYW among them. This peptide 
demonstrated to not resist the SGID, despite the derived hydrolyzed smaller peptides yet kept 
ACE-inhibitory effects (Tavares et al., 2011). Accordingly, we found the truncated form DKVGINY 
in all digests of the studied SPS. The SGID of sample S1 released the peptide SRYPSY (known as 
casoxin-6) from ĸ-CN, which can act as an antioxidant. Similarly, the peptide EAMAPK from β-CN 
showed antioxidant activities by inhibiting the release of reactive oxygen species and increasing 
the antioxidant response (Pepe et al., 2016). The peptides VLPVPQK and AVPYPQR from β-CN and 
KVLPVPQ from β-CN also possess a strong antioxidant potential (Mann et al., 2015; Mada et al., 
2017). Besides other bioactivities, the peptides VAGTWY and YVEELKPTPEGDL from LG exert 
antioxidant effects (Power, Fernández, Norris, Riera, & FitzGerald, 2014). We found this last 
species in all studied digests of SPS.

In vitro SGID of SPS led to the release of some neuropeptides from β-CN, mainly related 
to pro-casomorphins, which act as opioid peptide agonists by playing a crucial role in the 
response to pain and stress (Tyagi, Banan-Mwine Daliri, Kwami Ofosu, Yeon, & Oh, 2020). We 
found the peptide YPVEPF (neocasomorphin-6) in all digests, and despite it does not possess an 
aromatic amino acid in the N-terminal sequence, as in case of β-casomorphin, there is evidence 
that it contributes to onset of opioid activity (Jinsmaa & Yoshikawa, 1999). As stated, the SGID of 
sample S1 released the antioxidant peptide SRYPSY from ĸ-CN. This neuropeptide elicits opioid 
antagonistic properties by selectively binding to μ- and ĸ-receptors and not to δ-receptors 
(Yoshikawa, Tani, & Chiba, 1988). Beside ACE-inhibitory activity, LHLPLPL from β-CN (found in 
digests S1 and S2) is known as prolyl-oligopeptidase inhibitor and, therefore, involved in cognitive 
and neurological diseases (Myöhänen, García-Horsman, Tenorio-Laranga, & Männistö, 2009).

Antimicrobial activity has been ascribed to other BAPs found in all our studied digests. For 
instance, the peptide SDIPNPIGSENSEK generated from bovine αs1-CN was reported to show 
antibacterial activity against the pathogens Enterobacter sakazakii and Escherichia coli (Hayes, 
Ross, Fitzgerald, Hill, & Stanton, 2006). Similarly, the peptide VQVTSTAV from κ-CN is known for 
its activity against Escherichia coli and Listeria innocua (López-Expósito, Minervini, Amigo, & 
Recio, 2006), while the peptides IDALNENK and VLVLDTDYK (from LG) inhibit Listeria 
monocytogenes, Staphylococcus aureus and Escherichia coli (Demers-Mathieu et al., 2012).

We also revealed DPP-IV inhibitor peptides in SPS digests. Didpeptidylpeptidase-IV is 
known to inactivate gut-derived hormones that play crucial roles in retarding gastric emptying 
and modulating appetite (Lim & Brubaker, 2006). In detail, the peptides TPEVDDEALEK, 
LKPTPEGDL and LKPTPEGDLE from LG inhibit the DPP-IV activity; and we found them in all digests. 
However, the species LKPTPEGDLEIL was present only in digest of sample S2 (Lacroix & Li-Chan, 
2014).

Finally, other BAPs (FQSEEQQQTEDELQDK, VLPVPQ, LIVTQTMK) that we identified in 
digests have been reported to show activities such as increase of calcium uptake, cholesterol 
regulation, cellular growth (Cao et al., 2017).

Differently from what observed for the protein breakdown and the release of AA, the BAPs 
qualitative profile was similar among samples S2, S3 and S4. The main difference related to the 
release of BAPs in sample S1 which is linked to the presence of casein in the formulation.

https://pubmed.ncbi.nlm.nih.gov/?term=L%C3%B3pez-Exp%C3%B3sito+I&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Minervini+F&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Amigo+L&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Recio+I&cauthor_id=17186669
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Overall, several BAPs eliciting potential physiological benefits characterized the digests of 
our studied SPS. Nonetheless, according to literature present in Milk Bioactive Peptide Database 
(Nielsen et al., 2023), most of these possible effects have been assessed in vitro using synthesized 
peptides or peptide fractions purified from fermented dairy products and enzymatic hydrolysate 
of milk proteins.

4. Conclusions

The consumption of different whey protein-based sports supplements is important for 
achieving specific health benefits, especially in sports nutrition. In this regard, many components 
derived from milk proteins, especially from WP, are under study for their ability to elicit these 
effects. The present research demonstrated that, during in vitro SGID, the studied commercial 
SPS released AA, EAA, BCAA, and BAPs which could be potentially helpful for muscle growth and 
repair, strength, recovery, performance and other physiological and metabolic functions. The 
release of these molecules related to the extent of protein breakdown during SGID, and it was 
affected by the denaturation degree the WP underwent during processing. The obtained results 
are of paramount importance since they might open up a new perspective in the way the 
functionality of sports supplements is perceived by both the manufacturers and end users. 
Although these molecules present a great health potential, the scientific evidence is still limited 
to in vitro assays and more investigations are required to ascertain their potential health 
outcomes in vivo. Another issue that deserves further study is the nutritional role of the presence 
of CN in WP-based SPS, particularly in the case of unexpected CN concentrations resulting from 
the addition of CN-based powders.

Funding sources

This research did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Stefano Cattaneo: Conceptualization, Methodology, Investigation, Data curation, Writing 
- original draft, Writing - review & editing. Ivano De Noni: Conceptualization, Methodology, Data 
curation, Supervision, Writing - original draft, Writing - review & editing. Fabio Masotti, Milda 
Stuknytė, Irene Da Costa: Investigation, Formal analysis, Data curation, Writing - review & editing.

Declaration of Competing Interest



14

The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.

References

Ballard, K. D., Kupchak, B. R., Volk, B. M., Mah, E., Shkreta, A., Liptak, C., … Volek, J. S. (2013). 
Acute effects of ingestion of a novel whey-derived extract on vascular endothelial 
function in overweight, middle-aged men and women. British Journal of Nutrition, 109, 
882–893. https://doi:10.1017/S0007114512002061.

Boutrou, R., Gaudichon, C., Dupont, D., Jardin, J., Airinei, G., Marsset-Baglieri, A., … Leonil, J. 
(2013). Sequential release of milk protein–derived bioactive peptides in the jejunum in 
healthy humans. The American Journal of Clinical Nutrition, 97, 1314–1323. 
https://doi.org/10.3945/ajcn.112.055202.

Brennan, J. L.,Keerati-u-rai, M., & Bolster, D. R. (2019). Differential responses of blood essential 
amino acid levels following ingestion of high-quality plant-based protein blends 
compared to whey protein-A double-blind randomized, cross-over, clinical trial. Nutrients, 
11, 2987. https://doi:10.3390/nu11122987.

Brodkorb, A., Egger, L., Alminger, M., Alvito, P., Assunção, R., Ballance, S., … Recio, I. (2019). 
INFOGEST static in vitro simulation of gastrointestinal food digestion. Nature Protocols, 
14, 991–1014. https://doi.org/10.1038/s41596-018-0119-1.

Cao, Y., Miao, J., Liu, G., Luo, Z., Xia, Z., Liu, F., … Xiao, H. (2017). Bioactive peptides isolated from 
casein phosphopeptides enhance calcium and magnesium uptake in Caco‑2 cell 
monolayers. Journal of Agricultural and Food Chemistry, 65, 2307–2314. 
https://doi.org/10.1021/acs.jafc.6b05711.

Cattaneo, S., Masotti, F., & Pellegrino, L. (2012). Chemical modifications of casein occurring 
during industrial manufacturing of milk protein powders. European Food Research and 
Technology, 235, 315–323. https://doi.org/10.1007/s00217-012-1760-5.

https://www.webofscience.com/wos/author/record/5477852
https://www.webofscience.com/wos/author/record/9746331
https://www.webofscience.com/wos/author/record/5686968
https://www.webofscience.com/wos/woscc/full-record/WOS:000506917800149
https://www.webofscience.com/wos/woscc/full-record/WOS:000506917800149
https://www.webofscience.com/wos/woscc/full-record/WOS:000506917800149
https://doi:10.3390/nu11122987
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1021/acs.jafc.6b05711


15

Cattaneo, S., Stuknyte, M., Masotti, F., & De Noni, I. (2017). Protein breakdown and release of β-
casomorphins during in vitro gastro-intestinal digestion of sterilised model systems of 
liquid infant formula. Food Chemistry, 217, 476–482. 
http://dx.doi.org/10.1016/j.foodchem.2016.08.128.

Cheah, K., & Cheah, L. (2023). Benefits and side effects of protein supplementation and exercise 
in sarcopenic obesity: A scoping review. Nutrition Journal, 22, 52. 
https://doi.org/10.1186/s12937-023-00880-7.

Chevalier, F., Chobert, J. M., Popineau, Y., Nicolas, M. G., & Haertl, T. (2001). Improvement of 
functional properties of b-lactoglobulin glycated through the Maillard reaction is related 
to the nature of the sugar. International Dairy Journal, 11, 145–152. 
https://doi.org/10.1016/S0958-6946(01)00040-1.

Corrochano, A. R., Buckin, V., Kelly, P. M., & Giblin, L. (2018). Whey proteins as antioxidants and 
promoters of cellular antioxidant pathways. Journal of Dairy Science, 101, 4747–4761. 
https://doi.org/10.3168/jds.2017-13618.

Couto Almeida, C., Guerra Monteiro, L. M., Reis Carneiro da Costa-Lima, B., Silveira Alvares, T., & 
Conte-Junior, C. A. (2015). In vitro digestibility of commercial whey protein supplements. 
LWT – Food Science and Technology, 61, 7–11. 
http://dx.doi.org/10.1016/j.lwt.2014.11.038.

Cruz-Huerta, E. l., Martínez Maqueda, D., Recio, I., de la Hoz, L., Nunes da Silva, V. S., Bertoldo 
Pacheco, M. T., & Amigo, L. (2016). Identification of iron-binding peptides from whey 
protein hydrolysates using iron (III)-immobilized metal ion affinity chromatography and 
reversed phase-HPLC-tandem mass spectrometry. Journal of Dairy Science, 99, 77–82. 
https://doi.org/10.3168/jds.2015–9839.

Cruzat, V. F., Krause, M., & Newsholme, P. (2014). Amino acid supplementation and impact on 
immune function in the context of exercise. Journal of the International Society of Sports 
Nutrition, 11, 61. https://doi:10.1186/s12970-014-0061-8.

Cuthbertson, D., Smith, K., Babraj, J., Leese, G., Waddell, T., Atherton, P., … Larsen, N. J. (2005). 
Anabolic signaling deficits underlie amino acid resistance of wasting, aging muscle. FASEB 
Journal, 19, 422–424. https://doi: 10.1096/fj.04-2640fje.

http://dx.doi.org/10.1016/j.foodchem.2016.08.128
https://doi.org/10.1016/S0958-6946(01)00040-1
https://doi.org/10.3168/jds.2017-13618
http://dx.doi.org/10.1016/j.lwt.2014.11.038


16

Demers-Mathieu, V., Gauthier, S. F., Britten, M., Fliss, I., Robitaille, G., & Jean, J. (2013). 
Antibacterial activity of peptides extracted from tryptic hydrolyzate of whey protein by 
nanofiltration. International Dairy Journal, 28, 94–101. 
https://doi.org/10.1016/j.idairyj.2012.09.003.

Eisele, T., Stressler, T., Kranz, B., & Fischer, L. (2012). Quantification of dabsylated di- and tri-
peptides in fermented milk. Food Chemistry, 135, 2208–2212. 
https://doi.org/10.1016/j.foodchem.2012.07.054.

Foegeding, E. A., Luck, P., and Vardhanabhuti, B. (2011). Milk Protein Products | Whey Protein 
Products. In: J. W. Fuquay, P. F. Fox & P. L. H. McSweeney (Eds.), Encyclopedia of dairy 
sciences 2nd ed. (pp. 873–878) Elsevier. https://doi.org/10.1016/B978-0-12-374407-
4.00350-2.

Gerrad, J. A., Lasse, M., Cottam, J., Healy, J. P., Fayle, S. E., Rasiah, I., … Larsen, N. G. (2012). 
Aspects of physical and chemical alterations to proteins during food processing– some 
implications for nutrition. British Journal of Nutrition, 108, S288–S297. 
https://doi.org/101017/S000711451200236X.

Goulding, D. A., Fox, P. F., & O’Mahony, J. A. (2020). Milk proteins: An overview. In M. Boland, & 
H. Singh (Eds.), Milk proteins: From expression to food (pp. 21–81). Elsevier, Academic 
Press.

Halford, J. C. G., Boyland, E. J., Lawton, C. L., Blundell, J. A., & Harrold, J. A. (2011). Serotonergic 
anti-obesity agents past experience and future prospects. Drugs, 71, 2247–2255. 
https://doi: https://doi:10.2165/11596680-000000000-00000.

Hayes, M., Ross, R. P., Fitzgerald, G. F., Hill, C., & Stanton, C. (2006). Casein-derived antimicrobial 
peptides generated by Lactobacillus acidophilus DPC6026. Food Microbiology, 72, 2260–
2264. https://doi.org/10.1128/AEM.72.3.2260-2264.2006.

Hayes, M., Stanton, C., Slattery, H., O’Sullivan, O., Hill, C., Fitzgerald, G. F., & Ross, R. P. (2007). 
Casein fermentate of Lactobacillus animalis DPC6134 contains a range of novel 
propeptide angiotensin-converting enzyme inhibitors. Applied and Environmental 
Microbiology, 73, 4658–4667. https://doi:10.1128/AEM.00096-07.

https://doi.org/10.1016/j.idairyj.2012.09.003
https://doi.org/10.1016/j.foodchem.2012.07.054
https://doi.org/101017/S000711451200236X
https://doi
https://doi:10.2165/11596680-000000000-00000
https://doi.org/10.1128/AEM.72.3.2260-2264.2006


17

König, D., Kohl, J., Jerger, S., & Centner, C. (2021). Potential relevance of bioactive peptides in 
sports nutrition. Nutrients, 13, 3997. https://doi.org/10.3390/nu13113997.

Jager, R., Kerksick, C. M., Campbell, B. I., Cribb, P. J., Wells, S. D., Skwiat, T. M., … Antonio, J. 
(2017). International Society of Sports Nutrition Position Stand: protein and exercise. 
Journal of the International Society of Sport Nutrition, 14, 20. https://doi:10.1186/s12970-
017-0177-8.

Jinsmaa, Y., & Yoshikawa, M. (1999). Enzymatic release of neocasomorphin and β-casomorphin 
from bovine β-casein. Peptides, 20, 957–962. https://doi.org/10.1016/S0196-
9781(99)00088-1.

Lacroix, M. E. I., & Li-Chan, E. C. Y. (2014). Isolation and characterization of peptides with 
dipeptidyl peptidase-IV inhibitory activity from pepsin-treated bovine whey proteins. 
Peptides, 54, 39–48. https://doi.org/10.1016/j.peptides.2014.01.002.

Lim, G. E., & Brubaker, P. L. (2006). Glucagon-like peptide 1 secretion by the L-Cell. The View from 
within. Diabetes, 55, S70–S77. http://dx.doi.org/10.2337/db06-S020.

Lollo, P. C. B., Amaya-Farfan, J., Faria, I. C., Salgado, J. V. V., Chacon-Mikahil, M. P. T., Cruz, A. G., 
… Arruda, N. (2014). Hydrolysed whey protein reduces muscle damage markers in 
Brazilian elite soccer players compared with whey protein and maltodextrin. A twelve-
week in-championship intervention. International Dairy Journal, 34, 19–24. 
https://doi.org/10.1016/j.idairyj.2013.07.001.

López-Expósito, I., Minervini, F., Amigo, L., & Recio, I. (2006). Identification of antibacterial 
peptides from bovine kappa-casein. Journal of Food Protection, 69, 2292–2297. 
https://doi.org/ 10.4315/0362-028x-69.12.2992.

Mada, S. B., Reddi, S., Kumar, N., Kumar, R., Kapila, S., Kapila, R., … Ahmad, N. (2017). 
Antioxidative peptide from milk exhibits antiosteopenic effects through inhibition of 
oxidative damage and bone-resorbing cytokines in ovariectomized rats. Nutrition, 43–44, 
21–31. https://doi.org/10.1016/j.nut.2017.06.010.

https://www.webofscience.com/wos/author/record/1842190
https://www.webofscience.com/wos/author/record/15683451
https://www.webofscience.com/wos/author/record/20606677
https://www.webofscience.com/wos/author/record/30939726
https://www.webofscience.com/wos/author/record/28708616
https://doi.org/10.1016/S0196-9781(99)00088-1
https://doi.org/10.1016/S0196-9781(99)00088-1
https://doi.org/10.1016/j.peptides.2014.01.002
http://dx.doi.org/10.2337/db06-S020
https://doi.org/10.1016/j.idairyj.2013.07.001
https://pubmed.ncbi.nlm.nih.gov/?term=L%C3%B3pez-Exp%C3%B3sito+I&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Minervini+F&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Amigo+L&cauthor_id=17186669
https://pubmed.ncbi.nlm.nih.gov/?term=Recio+I&cauthor_id=17186669
https://doi.org/10.1016/j.nut.2017.06.010


18

Madureira, A. R., Tavares, T., Gomes, A. M. P., Pintado, M. E., & Malcata, F. X. (2010). Invited 
review: Physiological properties of bioactive peptides obtained from whey proteins, 
Journal of Dairy Science, 93, 437–455. https://doi.org/10.3168/jds.2009-2566.

Mann, B., Kumari, A., Kumar, R., Sharma, R., Prajapati, K., Mahboob, S., & Athira, S. (2015). 
Antioxidant activity of whey protein hydrolysates in milk beverage system. Journal of Food 
Science and Technology, 52, 3235–3241. https://doi.org/10.1007/s13197-014-1361-3.

Markus, C. R., Olivier, B., & de Haan, E. H. F. (2002). Whey protein rich in α-lactalbumin increases 
the ratio of plasma tryptophan to the sum of the other large neutral amino acids and 
improves cognitive performance in stress-vulnerable subjects. American Journal of 
Clinical Nutrition, 75, (6), 1051–1056. https://doi.org/10.1093/ajcn/75.6.1051.

Maruyama, S., Mitachi, H., Aawaya, J., Kurono, M., Tomizuka, N., & Suzuki, H. (1987). Angiotensin 
I-converting enzyme inhibitory activity of the C-terminal hexapeptide of αs1-casein. 
Agricultural and Biological Chemistry, 51, 2557–2561. 
https://doi.org/10.1080/00021369.1987.10868415.

Myöhänen, T. T., García-Horsman, J. A., Tenorio-Laranga, J. & Männistö, P. T. (2009). Issues about 
the physiological functions of prolyl oligopeptidase based on Its discordant spatial 
association with substrates and inconsistencies among mRNA, protein Levels, and 
enzymatic activity. Journal of Histochemistry & Cytochemistry, 57, 831–848. 
https://doi.org/10.1369/jhc.2009.953711.

Nielsen, S. D., Liang, N., Harith Rathish, H., Kim, B. J., Lueangsakulthai, J., Koh, J., … Dallas, D. C. 
(2023). Bioactive milk peptides: an updated comprehensive overview and database. 
Critical Review in Food Science and Nutrition, 28, 1–20. https://doi: 
10.1080/10408398.2023.2240396.

Otte, J., Shalaby, S. M. A., Zakora, M., & Nielsen M. S. (2007). Fractionation and identification of 
ACE-inhibitory peptides from a-lactalbumin and b-casein produced by thermolysin-
catalysed hydrolysis. International Dairy Journal, 17, 1460–1472. 
https://doi.org/10.1016/j.idairyj.2007.04.008.

Park, K., Jung, D., Jin, Y., Kim, J. H., Geum, J. H., & Lee, J. (2019). Establishment and validation of 
an analytical method for quality control of health functional foods derived from 
Agastache rugosa. Analytical Science and Technology, 32, 96–104. 
https://doi.org/10.5806/AST.2019.32.3.96.

https://doi.org/10.3168/jds.2009-2566
https://doi.org/10.1007%2Fs13197-014-1361-3
https://www.webofscience.com/wos/author/record/11520847
https://www.webofscience.com/wos/author/record/13168224
https://www.webofscience.com/wos/author/record/15476665
https://www.webofscience.com/wos/woscc/full-record/WOS:000175783200014
https://www.webofscience.com/wos/woscc/full-record/WOS:000175783200014
https://www.webofscience.com/wos/woscc/full-record/WOS:000175783200014
https://doi.org/10.1093/ajcn/75.6.1051
https://doi.org/10.1080/00021369.1987.10868415
https://doi.org/10.1369/jhc.2009.953711
https://www.tandfonline.com/doi/full/10.1080/10408398.2023.2240396
https://www.tandfonline.com/doi/full/10.1080/10408398.2023.2240396
https://www.tandfonline.com/doi/full/10.1080/10408398.2023.2240396
https://doi.org/10.1016/j.idairyj.2007.04.008
https://www.webofscience.com/wos/author/record/26958269
https://www.webofscience.com/wos/author/record/9593233
https://www.webofscience.com/wos/author/record/35830093
https://www.webofscience.com/wos/author/record/15482999
https://www.webofscience.com/wos/author/record/21909053
https://www.webofscience.com/wos/author/record/1285266


19

Parodi, P. V. (2001). Cow's milk components with anti-cancer potential. Australian Journal of 
Dairy Technology, 56, 65–73.

Pepe, G., Sommella, E., Ventre, G., Scala, M. C., Adesso, S., Ostacolo, C., … Campiglia, P. (2016). 
Antioxidant peptides released from gastrointestinal digestion of “Stracchino” soft cheese: 
Characterization, in vitro intestinal protection and bioavailability. Journal of Functional 
Foods, 26, 494–505. https://doi.org/10.1016/j.jff.2016.08.021.

Phillips, B. E., Atherton, P. J., Varadhan, K., Wilkinson, D. J., Selby, M. L. A. L., … Williams, J. P. 
(2013). Pharmacological enhancement of leg and muscle microvascular blood flow does 
not augment anabolic responses in skeletal muscle of young menunder fed conditions. 
American Journal of Physiology – Endocrinology and Metabolism, 306, E168–E176. 
https://doi.org/10.1152/ajpendo.00440.2013.

Piestansky, J., Matuskova, M., Cizmarova, I., Olesova, D., & Mikus, P. (2021). Determination of 
branched-chain amino acids in food supplements and human plasma by a CE-MS/MS 
method with enhanced resolution. International Journal of Molecular Sciences, 22, 8261. 
https://doi.org/10.3390/ijms22158261.

Pihlanto-Leppälä, A., Rokka, T., & Korhonen, H. (1998). Angiotensin I converting enzyme 
inhibitory peptides derived from bovine milk proteins. International Dairy Journal, 8, 325–
331. https://doi.org/10.1016/S0958-6946(98)00048-X.

Pihlanto-Leppälä, A., Koskinen, P., Piilola, K., Tupasela, T., & Korhonen H. (2000). Angiotensin I-
converting enzyme inhibitory properties of whey protein digests: concentration and 
characterization of active peptides. International Dairy Journal, 67, 53–64. 
https://doi:10.1017/S0022029999003982.

Power, O., Fernández, A., Norris, R., Riera, F. A., & FitzGerald, J. (2014). Selective enrichment of 
bioactive properties during ultrafiltration of a tryptic digest of β-lactoglobulin Journal of 
Functional Foods, 9, 38–47. https://doi.org/10.1016/j.jff.2014.04.002.

Rufián-Henares, J. A., Delgado-Andrade, C., Jiménez-Pérez, S., & Morales, F. J. (2007). Assessing 
nutritional quality of milk-based sport supplements as determined by furosine. Food 
Chemistry, 101, 573–578. https://doi:10.1016/j.foodchem.2006.02.016.

https://www.webofscience.com/wos/woscc/full-record/WOS:000170370400003
https://doi.org/10.1016/j.jff.2016.08.021
https://doi.org/10.1152/ajpendo.00440.2013
https://doi.org/10.3390/ijms22158261
https://doi.org/10.1016/S0958-6946(98)00048-X
https://doi.org/10.1016/j.jff.2014.04.002


20

Rutherfurd, S. M., & Moughan P. J. (2012). Available versus digestible dietary amino acids. British 
Journal of Nutrition, 108, S298–S305. https://doi:10.1017/S0007114512002528.

Sánchez-Oliver, A. J., Contreras-Calderón, J., Puya-Braza, J. M., & Guerra-Hernández, E. (2018). 
Quality analysis of commercial protein powder supplements and relation to 
characteristics declared by manufacturer. LWT – Food Science and Technology, 97, 100–
108. https://doi.org/10.1016/j.lwt.2018.06.047.

Singh, T. K., Øiseth, S. K., Lundin, L., & Day, L. (2014). Influence of heat and shear induced protein 
aggregation on the in vitro digestion rate of whey proteins. Food and Function, 5, 2686. 
https://doi: 10.1039/c4fo00454j.

Suetsuna, K., Ukeda, H., & Ochi, H. (2000). Isolation and characterization of free radical 
scavenging activities peptides derived from casein. The Journal of Nutritional 
Biochemistry, 11, 128–131. https://doi.org/10.1016/S0955-2863(99)00083-2.

Tagliazucchi, D., Helal, A., Verzelloni, E., & Conte, A. (2016). Composition and properties of 
peptides that survive standardised in vitro gastro-pancreatic digestion of bovine milk. 
Dairy Science. & Technology, 96, 657–676. https://doi:10.1007/s13594-016-0294-1.

Tavares, T. G., Contreras, M. M., Amorim, M., Martín-Álvarez, P. J., Pintado, M. E., Recio, I., & 
Malcata, F. X. (2011). Optimisation, by response surface methodology, of degree of 
hydrolysis and antioxidant and ACE-inhibitory activities of whey protein hydrolysates 
obtained with cardoon extract. International Dairy Journal, 21, 926–933. 
https://doi.org/10.1016/j.idairyj.2011.05.013.

Tyagi, A., Banan-Mwine Daliri, E., Kwami Ofosu, F., Yeon, S. Y., & Oh, D. H. (2020). Food-derived 
opioid peptides in human health: A review. International Journal of Molecular Sciences, 
21, 8825. https://doi.org/10.3390/ijms21228825.

Vermeirssen, V., Deplancke, B., Tappenden, K. A., Camp, J. V., Gaskins, H. R., & Verstraete, W. 
(2002). Intestinal transport of the Lactokinin Ala-Leu-Pro-Met-His-Ile-Arg through a Caco-
2 Bbe Monolayer. Journal of Peptide Science, 8, 95–100. https://doi.org/10.1002/psc.371.

https://www.webofscience.com/wos/woscc/full-record/WOS:000445715600015
https://www.webofscience.com/wos/woscc/full-record/WOS:000445715600015
https://doi.org/10.1016/j.lwt.2018.06.047
https://doi.org/10.1016/S0955-2863(99)00083-2
https://doi.org/10.1016/j.idairyj.2011.05.013
https://doi.org/10.3390/ijms21228825


21

West, D. W. D., Abou Sawan, S., & Moore, D. R. (2017). Whey Protein Supplementation Enhances 
Whole Body Protein Metabolism and Performance Recovery after Resistance Exercise: A 
Double-Blind Crossover Study. Nutrients, 9, 735. https://doi:10.3390/nu9070735.

Wouters, A. G. B., Boeve, J., Dams, H., & Joye, I. J. (2022). Heat treatment as a food-grade strategy 
to increase the stability of whey protein particles under food system relevant conditions. 
Food Hydrocolloids, 124, 107254. https://doi.org/10.1016/j.foodhyd.2021.107254.

Wadaa, Y., &, Lönnerdal, B. (2015). Bioactive peptides released by in vitro digestion of standard 
and hydrolyzed infant formulas. Peptides, 73, 101–105. 
https://doi.org/10.1016/j.peptides.2015.09.005.

Yoshikawa, M., Tani, F., & Chiba, H. (1988). Structure-activity relationship of antagonist peptides 
derived from milk proteins. In T. Shiba (Ed.), Peptide Chemistry (pp. 473–476). Protein 
Research Foundation, Osaka.

Zhao, C., & Ashaolu, T. J. (2020). Bioactivity and safety of whey peptides. LWT – Food Science and 
Technology, C134, 109935. https://doi.org/10.1016/j.lwt.2020.109935.

Zhao, C., Chen, N., & Ashaolu, T. J. (2022). Whey proteins and peptides in health-promoting 
functions – A review. International Dairy Journal, 126, 105269. 
https://doi.org/10.1016/j.idairyj.2021.105269.

https://www.webofscience.com/wos/author/record/37489694
https://www.webofscience.com/wos/author/record/18824705
https://www.webofscience.com/wos/author/record/516536
https://www.webofscience.com/wos/woscc/full-record/WOS:000406679700091
https://www.webofscience.com/wos/woscc/full-record/WOS:000406679700091
https://www.webofscience.com/wos/woscc/full-record/WOS:000406679700091
https://doi.org/10.1016/j.foodhyd.2021.107254
https://doi.org/10.1016/j.peptides.2015.09.005
https://doi.org/10.1016/j.idairyj.2021.105269


22

Figure captions (Preference for color: online only)

Fig. 1. Protein profile of sports supplements S1, S2, S3 and S4 before and after in vitro static 
gastrointestinal digestion (SGID). STD, standard solution of sodium caseinate (CN), α-lactalbumin 
(LA), β-lactoglobulin (LG), Low Range Protein Ladder (1.7–40 kDa).

Fig. 2. Protein breakdown (%), free amino acids (AA), essential AA (EAA) and branched-chain AA 
(BCAA) (as g/100 g protein) quantified in digests of sports supplements S1, S2, S3 and S4. Lower-
case letters indicate significant (p < 0.05) differences among samples.

Fig. 3. Molecular weight distribution of peptides detected in sports supplement digests S1, S2, S3 
and S4.

Fig. 4. Venn diagrams, representing numbers of common peptides from caseins (left) or whey 
proteins (right) revealed among digests of sports supplements S1, S2, S3 and S4.

Table 1. Gross composition (g/100 g ± SD) of commercial sports supplements.

Sports supplement WP source Proteins Lactose Water

S1 WPI 88.0±0.4a 0.6±0.1a 3.3±0.2a

S2 WPI 89.5±0.3b 0.1±0.0b 3.8±0.1b

S3 WPI 91.2±0.4c 0.1±0.0b 3.2±0.1a

S4 WPC 86.0±0.5d 2.9±0.1c 4.5±0.3c

a,b,c,dData were expressed as mean ± standard deviation; means in the same column with different 
superscript letters are significantly different (p < 0.05).

Table 2. Free amino acid content of sports supplement in vitro digests (values were expressed as 
g per 100 g of protein ± SD).

Amino Sports supplement



23

acid S1 S2 S3 S4

Trp 2.05±0.21 2.26±0.23 2.10±0.39 1.55±0.18

Phe 4.04±1.24 4.47±0.34 3.51±0.63 2.53±0.47

Leu 5.29±1.20 8.18±0.72 5.30±1.03 3.84±0.83

Ile 0.54±1.00 1.60±1.04 0.56±0.71 0.50±0.60

Met 0.49±0.33 1.51±0.11 0.37±0.32 0.32±0.10

Tyr 2.51±0.81 2.25±0.26 1.91±0.70 1.94±0.13

Val 0.71±0.33 1.52±0.12 0.97±0.14 1.10±0.31

Pro 0.19±0.00 0.23±0.01 0.18±0.00 0.21±0.00

Ala 0.33±0.13 0.84±0.17 0.38±0.22 0.38±0.10

Thr 0.34±0.05 0.97±0.10 0.34±0.10 0.45±0.13

Gly 0.23±0.09 0.40±0.05 0.28±0.03 0.30±0.06

Glu 0.74±0.10 0.92±0.15 0.62±0.10 0.73±0.12

Ser 0.13±0.05 0.28±0.10 0.07±0.03 0.14±0.07

Gln 0.23±0.05 0.32±0.10 0.14±0.04 0.18±0.05

Asn 0.28±0.05 0.68±0.20 0.20±0.00 0.22±0.02

Asp 0.25±0.06 0.35±0.01 0.21±0.00 0.27±0.01

Arg 2.00±0.20 2.15±0.08 1.50±0.06 1.70±0.20
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His 0.25±0.00 0.46±0.09 0.18±0.00 0.20±0.01

Lys 5.33±1.13 6.81±1.14 4.80±1.20 3.38±1.15

Total BCAA 6.54 11.30 6.83 5.44

Total EAA 19.04 27.78 18.13 13.87

Total 25.93 36.20 23.62 19.94

EAA, essential amino acids; BCAA, branched-chain amino acids

Table 3. Number of unique peptides revealed in digested sports supplements, listed according to 
their parent proteins.

Parent Sports supplement

protein S1 S2 S3 S4

β-CN 153 115 74 92

κ-CN 64 91 34 40

αS1-CN 70 28 13 27

αS2-CN 32 16 11 22

LA 39 47 41 32

LG 116 143 138 120

BSA 42 47 46 48

Lactoferrin 11 14 5 5

Total 527 501 362 386



25

Table 4. Bioactive peptides revealed in digested sports supplements according to their potential biological 
effect as inferable from the Milk Bioactive Peptide Database (species Bos taurus, updated January 15, 
2024) (Nielsen et al., 2023).

Parent 
protein

Peptide sequence Presence in 
SPS digest Potential biological activity

AC
E-

in
hi

bi
to

ry

An
tim

ic
ro

bi
al

An
tio

xi
da

nt

DP
P-

IV
iIn

hi
bi

to
ry

O
pi

oi
d

In
cr

ea
se

 m
uc

in
 se

cr
et

io
n

An
tit

hr
om

bo
tic

Im
m

un
om

od
ul

at
or

y

An
tia

po
pt

ot
ic

Br
ad

yk
in

in
-p

ot
en

tia
tin

g

O
st

eo
an

ab
ol

ic

W
ou

nd
 h

ea
lin

g

In
cr

ea
se

 c
el

lu
la

r g
ro

w
th

Ch
ol

es
te

ro
l r

eg
ul

at
io

n

Ca
te

ps
in

 in
hi

bi
to

ry

Br
ad

yk
in

in
 p

ot
et

nt
ia

tin
g

αS1-CN SDIPNPIGSENSEK S1, S2, S3, 
S4

x

TTMPLW S1 x x

YKVPQL S1 x

YFYPEL S1 x x x

VAPFPE S1 x

DIGSESTEDQAMEDI
K

S1 x

DAYPSGAW S1, S4 x

αS2-CN AMKPW S1 x

VPITPTL S1, S4 x

NMAINPSK S1, S3, S4 x

β-CN EMPFPK S1, S2, S3, 
S4

x x x x

VYPFPGPIPN S1, S2, S3, 
S4

x x

VLPVPQ S1, S2, S3, 
S4

x

PFPGPIPN S1, S2, S3, 
S4

VLPVPQK S1, S2, S3, 
S4

x x x x x x

AVPYPQR S1, S2, S3, 
S4

x x x
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Parent 
protein

Peptide sequence Presence in 
SPS digest Potential biological activity

YQEPVLGPVR S1, S2, S3, 
S4

x x x x

YQEPVL S1, S2, S3, 
S4

x

VENLHLPLPLL S1, S2, S3, 
S4

x

NLHLPLPLL S1, S2, S3, 
S4

x

LNVPGEIVE S1, S2, S3, 
S4

x

EAMAPK S1, S2, S3, 
S4

x

YPVEPF S1, S2, S3, 
S4

x x x x x

FQSEEQQQTEDELQ
DK

S1, S2, S3, 
S4

x

NIPPLTQTPVVVPPF
LQ

S1 x

KVLPVPQ S1 x x

DVENLHLPLPL S1 x

KVLPVPQK S1 x x

LYQEPVLGPVR S1 x x

GPFPI S1 x

YPVEPFTE S1 x

VKEAMAPK S1 x x

PGPIPN S1 x x

IPPLTQT S2 x

NIPPLTQTPV S2 x

YPFPGPIPN S2 x x
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Parent 
protein

Peptide sequence Presence in 
SPS digest Potential biological activity

LHLPLPL S1, S2 x

κ-CN VQVTSTAV S1, S2, S3, 
S4

x

FFSDK S1 x

SRYPSY S1 x

STVATL S1, S2 x

LPYPY S1, S4 x x

LA
VSLPEW S1, S2, S3, 

S4
x

DKVGINY S1, S2, S3, 
S4

x

EQLTK S2 x

YGGVSLPEW S3 x

LG
IPAVFK S1, S2, S3, 

S4
x x x x

ALPMHIR S1, S2, S3, 
S4

x x

IIAEK S1, S2, S3, 
S4

x x

GLDIQK S1, S2, S3, 
S4

x x

ALPMH S1, S2, S3, 
S4

x x

VLDTDY S1, S2, S3, 
S4

x x

VLDTDYK S1, S2, S3, 
S4

x

LDIQK S1, S2, S3, 
S4

x

LKPTPEGDLE S1, S2, S3, 
S4

x

LIVTQTMK S1, S2, S3, 
S4

x
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Parent 
protein

Peptide sequence Presence in 
SPS digest Potential biological activity

YVEELKPTPEGDL S1, S2, S3, 
S4

x

LKPTPEGDL S1, S2, S3, 
S4

x

IDALNENK S1, S2, S3, 
S4

x x

VLVLDTDYK S1, S2, S3, 
S4

x x

TPEVDDEALEK S1, S2, S3, 
S4

x x

LKPTPEGDLEIL S2 x

LDTDY S1 x

LSFNPTQ S3 x

ALPM S1, S4 x

VAGTWY S2, S4 x x x x x

IPAVF S1, S2, S3 x x


