
   

 

1 
 

POSTPRANDIAL AMINOACIDEMIA AND APPETITE RESPONSES TO A 

NOVEL SALMON-DERIVED PROTEIN PEPTIDE IN YOUNG HEALTHY 

ADULTS 

 

 

By 

 

Sophie Prosser, BSc. 

 

A thesis submitted to The University of Birmingham for the degree of  

 

Master of Science (M.Sc by Research) 

 

 

 

 

 

 

September 2023 

 

 

 

 

University of Birmingham 
College of Life and Environmental Sciences 

School of Sport, Exercise & Rehabilitation Sciences 
Metabolic and Molecular Physiology Group 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 



   

 

2 
 

Acknowledgements  

First and foremost, I would like to acknowledge and give the warmest thanks to my supervisor 

Professor Leigh Breen, who has made this work possible. His belief in me and guidance from 

the very beginning has carried me throughout all stages of my project. I would also like to thank 

my fellow MMPG lab group members and good friends: Mia Fava, Lucy Rogers, Dr Ryan 

Mashall, Marie Korzepa, Dr Sophie Allen, Archie Belfield, Dr Jonny Quinlan, Tao Wang and 

Kholoud Alshareef for their great support both in the lab and outside of work.  

I would also like to give special thanks to my rock - my partner Will Tabbron, my best friend -

Kate Marriot, my parents - Dave and Paula Prosser, my biggest cheerleader - my Nanny Joan 

Adams, and to the rest of my friends and family for their continuous love and support when 

undertaking my research. You have been by my side throughout it all spurring me on. 

Finally, I would like to dedicate my research journey to date, to my late Nanny, Lillian Prosser, 

my late Grandad, Gordon Prosser, and my late Great Aunty, Edith Nicklin. You taught me how 

to have courage, be kind, to be strong and trust my own mind. You have inspired me to explore 

the unknown, believe in myself and live life to the full. I’ll always hold you in my heart throughout 

my endeavors now and forever. Loves yow xx 

  



   

 

3 
 

Abstract  

Muscle plays a vital role in our body’s health and relies on ingestion of amino acids in order to 

stimulate muscle protein synthesis (MPS). Research is endeavoring to search for novel, high-

quality, sustainable protein sources, capable of supporting muscle mass globally. Marine protein 

hydrolysates offer a potential sustainable source of high-quality protein, although little research 

to-date has explored their postprandial aminoacidemic responses. This study investigated the 

postprandial aminoacidemic and appetite responses following ingestion of a novel Salmon Protein 

Peptide (SPP) supplement, compared with a dose-matched Milk Protein Isolate (MPI). 11 young 

healthy individuals (6 Male and 5 Female) took part in this randomized single-blind crossover 

study. After an overnight fast, participants consumed either SPP or MPI at a protein-matched 

dose of 0.3g/kg BM. Blood samples were taken before protein intake and periodically for 

240minutes post-ingestion. Visual analog scales were utilized throughout to determine changes 

in perceived appetite, alongside a food diary and ad-libitum meal following the trial period to 

determine changes to dietary composition. Peak plasma  values for total amino acid (SPP: 5004 

±296 vs. MPI: 3719 ±302μmol·L-1, p<0.001), non-essential amino acid (SPP: 3376 ±197 vs. MPI: 

2287 ±173μmol·L-1, p<0.001), glycine (SPP: 456 ±24 vs. MPI: 284 ±33μmol·L-1, p<0.001), 

hydroxyproline (SPP: 74.9 ±6.6 vs. MPI: 28.3 ±2.6 μmol·L-1, p<0.001) and proline levels (SPP: 

469 ±29 vs. MPI: 335 ±25 μmol·L-1, p=0.029) were significantly greater following SPP 

consumption and all demonstrated significantly greater iAUC values (all p<0.05). No differences 

were observed in plasma EAA levels between proteins (peak EAA levels = SPP: 1361 ±196 vs. 

MPI: 1340 ±166μmol·L-1, p=0.658; iAUC, p=0.551). Peak leucine levels did not significantly differ 

between proteins (SPP: 250 ±32 vs. MPI: 246 ±31μmol·L-1; p=0.657); however, leucine levels 

were significantly higher overall following MPI consumption (iAUC, p=0.011). Fat intake was 

significantly reduced compared to habitual diet following both SPP and MPI (1.0±0.6g/kg/day, 

p=0.0156; 1.0±0.4g/kg/day, p=0.0236, respectively). No differences in plasma insulin, glucose or 

appetite were observed between supplements. To conclude, SPP demonstrated great promise 
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as a high-quality protein source when compared to MPI, although further investigation is needed 

to determine if SPP’s postprandial aminoacidemia can robustly stimulate MPS.   
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1. Introduction  

1.1. Background 

Skeletal muscle (SM) alone can make up to 40% of healthy body mass (Janssen et al. 2000). 

This abundant tissue plays vital roles in our body’s health; from heat production (McCuller, 

Jessu and Callahan. 2016), metabolic regulation (Stump et al. 2016), nutrient storage (McCuller 

et al. 2016), immune responses (Afzali et al. 2018), to brain neuroplasticity (Walsh et al. 2015) 

and much more. Amino acids (AA) are the building blocks of muscle, linking via peptide bonds to 

form various combinations in polypeptides, which are utilized when building and remodeling 

muscle structures. There are two types of AA, essential amino acids (EAA): which the body cannot 

synthesize and are provided only through dietary sources; alongside non-essential amino acids 

(NEAA): which the body can synthesize but are heavily relied upon for physiological functions, 

such as building metabolic structures and maintaining nitrogen balance (Wu, 2010). Ingestion of 

AAs via dietary protein is vital to maintain muscle health by promoting growth, repair and reducing 

muscle atrophy. 

Figure 1. Illustration of muscle mass regulation – adapted from Breen and Philips. 2011 
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The relationship between Muscle Protein Synthesis (MPS) and Muscle Protein Breakdown (MPB) 

is demonstrated in Fig.1. MPS is the process by which new muscle mass is constructed. At the 

start of the day, the body wakes up in a fasted state; following digestion of a protein-containing 

meal, its constituent AAs are released into the blood stream, which trigger increases in MPS, 

therefore, meals high in protein robustly stimulate MPS. MPB is required for muscle remodeling 

to occur, allowing for increases in muscle mass, and training adaptations to take place (Tipton, 

Hamilton, and Gallagher. 2018). MPS and MPB both become elevated following resistance 

exercise and the availability of free plasma AAs appears to determine the balance between the 

two opposing mechanisms (Tipton and Wolfe. 1998), highlighting the importance of protein 

consumption following resistance training. MPB has been found to reduce following a meal (Breen 

and Philips. 2011); although research surrounding the postprandial control of MPB is sparce, 

hyperinsulinemia has demonstrated inhibitory effects on MPB (Chow et al. 2006), suggesting 

increased insulin levels following a meal contribute to ensure net muscle mass is balanced overall 

(MPS=MPB). Consequently, the synthesis–breakdown relationship can be manipulated through 

exercise and nutritional strategies. A low protein diet can lead to reductions in MPS, resulting in 

a negative net balance (MPS<MPB), leading to muscle atrophy. However, a high-protein diet, can 

create a positive net balance (MPS>MPB), which, is escalated when accompanied by exercise 

(in particular resistance exercise). Postprandial AA and insulin levels have demonstrated 

considerable influence in muscle remodeling responses by upregulating the mTOR pathway 

(Wang and Proud, 2006), highlighting the importance of investigations into nutritional variables 

that may impact MPS and MPB levels.  
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1.3.1. Protein Dose 

Several factors can influence the protein dose required to maximally stimulate MPS. Younger 

individuals have high ‘anabolic sensitivity’, therefore, require ~0.24g/kg in one meal to maximally 

stimulate MPS. However, older people require almost double that of a younger person (0.40g/kg) 

to initiate the same level of MPS (Moore et al. 2015). A recent study found a protein dose of 

0.49g/kg was sufficient to maximally stimulate MPS following endurance exercise in young males 

(Churchward-Venne et al. 2020). In addition, recent review, demonstrated a protein dose of 

0.31g/kg was required to generate maximal MPS following resistance exercise in young males 

(Moore, 2019). The above studies suggest activity level should be considered in order to 

maximally stimulate MPS to gain the greatest benefits from protein consumption per meal, and in 

turn allow for maximal muscular adaptations during recovery. However, it should be noted that 

further research is required to determine if post-exercise protein dosage is impacted further by 

age and sex. Despite the above evidence supporting high levels of dietary protein intake to 

optimize muscle remodeling, the current recommended dietary allowance advises adults 

consume 0.8g/kg/day of protein (distributed throughout normal daily meals e.g., 0.16g/kg/meal 

when eating 5 times a day), which according to the current research discussed above, would not 

be sufficient to maximally stimulate MPS. MPS generated by protein intake is transient even 

following prolonged hyper aminoacidemia, this is known as the ‘muscle full effect’ (Atherton et al. 

2010). Therefore, it is important dietary protein is well distributed throughout the day, rather than 

consumed all at once. A recent meta-analysis  found, a plateau in the response of muscle 

hypertrophy with1.6g/kg/day of protein intake (Morton et al. 2018). Considering per meal protein 

recommendations of approx. 0.3g/kg/mass to maximally stimulate MPS (Areta et al. 2013 and 

Mallinson et al. 2023), the value suggested by Morton et al. would equate to 5 feeding events 

across the day equating to 0.25g/kg/meal), results in greater muscular adaptations  alongside 

resistance exercise (Morton et al. 2018). This finding accentuates the need to promote the 

importance of sufficient protein intake during meals, and the emphasizes the need to conduct 
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further research into various protein sources available to the population, to enable greater 

maintenance of muscle mass for generations to come. Previous investigations have found 

distributing protein intake (PI) every 3hrs during the day maximizes MPS responses than a more 

frequent distribution of 1.5hrs, or longer intervals of 6hrs (Areta et al. 2013). This suggests that 

total daily protein should be distributed evenly across breakfast, lunch and dinner to augment 

muscular adaptations. In addition, immediately following exercise, it has commonly been thought 

that protein ingestion is vital to maximize muscle hypertrophy (Moore et al. 2009). Although, more 

recent research has demonstrated delayed PI post-exercise (up-to 24hrs) produces similar 

benefits to immediate ingestion (Burd et al. 2011). In addition, a recent meta-analysis 

demonstrated that the timing of post-exercise PI is of little importance, rather adequate and well 

distributed PI alongside resistance training is central to muscular adaptations (Schoenfeld, 

Aragon, and Krieger, 2013).  

1.4.1. Protein Quality 

1.4.2. Nitrogen Balance  

Proteins are the main sources of nitrogen in the human diet. Protein quality is determined by a 

sources ability to achieve whole-body nitrogen balance. Research has often used the Protein 

Digestibility Corrected Amino Acid Score (PDCAAS) to quantify the quality of a protein. PDCAAS 

is calculated using whole protein content, AA profile, and digestibility of a source. However, 

limitations have since been identified with the PDCAAS; Firstly, its 0-1 scoring system does not 

account for proteins which score higher than 1, and secondly, the score uses rat fecal digestibility 

- the rat digestive system is physiologically dissimilar to humans and contains proteins produced 

by microbes in the gut, which potentially overestimates the quality of some sources (Bailey and 

Stein, 2019). Research has now shifted to the Digestible Indispensable Amino Acid Score 

(DIAAS). DIAAS uses a 3 patterned scoring system, allowing for more accurate representation 

for all proteins and more transferable insight into how several proteins in a mixed meal can 
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complement one another to generate a higher DIAAS score (Bailey and Stein, 2019); DIAAS takes 

individual AA digestibility into account rather than whole protein content alone; DIAAS also uses 

pig ileal tract samples to determine protein absorption - pigs have a physiologically similar 

digestive system to humans and ileal tract samples provide a more accurate representation of AA 

absorption as it occurs prior to the large intestine where microbes may impact the presence of AA 

in feces (Deglaire and Moughan, 2012). 

1.4.3. Amino Acid Composition  

Although protein scores are a useful nutritional guide, other factors should be considered when 

determining protein quality. A protein’s ability to maintain muscle mass is determined by several 

factors, studies have found only EAA’s are required to stimulate MPS following exercise (Tipton 

et al. 1999), emphasizing their anabolic importance; ‘Complete’ proteins are defined as containing 

all EAAs, and therefore have higher anabolic potential and subsequent quality compared to 

‘incomplete’ proteins. However, protein can still be ‘complete’ yet have lower anabolic potential 

due to its EAAs ratio, for example, milk protein demonstrated increased MPS stimulation when 

compared to dose-matched Soy protein (Wilkinson et al. 2007), this was likely due to its higher 

leucine content. Leucine is an a key EAA driver of the mTORC1 pathway; mTORC1 is an essential 

regulator of cell metabolism and growth, playing a key role in initiating protein synthesis and 

suppressing autophagy (Takahara et al. 2020). Therefore, leucine is thought to play a key role in 

muscle growth and maintenance, with the ability to independently stimulate MPS (Pasiakos. 

2012).  

NEAAs are also important to consider when determining the quality of a protein. More research 

is emerging demonstrating the need for NEAAs in the diet, suggesting the term ‘non-essential’ is 

outdated (Hou and Wu, 2017). Studies have demonstrated deficiencies in NEAAs can lead to 

metabolic issues: specifically, proline deficiency has demonstrated resultant deregulation of 

mTORC1-4EBP1 and endoplasmic reticulum stress (Sahu et al. 2016); glutamine deficiency 
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appeared to lead to increased intestinal permeability, which was resolved following glutamine 

supplementation (Wang et al. 2015). NEAAs such as glycine, glutamine and serine make up large 

quantities of fetal plasma, and so are vital to fetal growth and development (Bazer et al. 2014). 

Hydroxyproline is thought to play an important role in regulating cellular redox states, and 

alongside glycine and proline is a key building block of collagen, a protein vital for maintaining the 

structural integrity of connective tissues (Wu et al. 2011, Li, and Wu, 2018.). However, many of 

the current commercially available ‘high quality’ proteins are deficient in glycine, hydroxyproline, 

and proline, therefore, have little stimulatory impact on connective tissue synthesis (Dideriksen et 

al. 2016). In light of this expanding area of research into NEAAs, it is important a proteins NEAA 

profile is investigated in future studies to determine additional potential nutritional benefits aside 

from MPS regulation.  

1.4.4. Digestibility 

Digestibility can impact on bioavailability of AAs and therefore protein quality; the faster AAs reach 

the blood stream, the quicker they can be absorbed, and used to stimulate MPS and muscle 

remodeling (Gaudichon, and Calvez, 2021). Previous studies have found higher bioavailability 

leads to greater muscle gains: when comparing milk to casein protein in , milks’ MPS response 

was significantly higher. Crucially, not only did Milk possess higher leucine content, but it was 

also more rapidly digested (Hartman et al. 2007), therefore its constituents appeared in the blood 

stream at a faster rate and at higher concentrations, so were more readily available for MPS 

stimulation. Despite this, research has also found slower digestion of proteins may be more 

beneficial for overnight recovery, due to their gradual release into the blood stream supporting 

positive whole-body protein balance (Res et al. 2012).  

The way in which a protein supplement is produced also impacts on its digestibility. Concentrate 

supplements tend to have the lowest purity at 35-80% protein content and have the slowest 

digestion rate typically due to: increased fat and lactose contents, alongside increased fibrous 
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structures in plants, all of which prolong food breakdown, and therefore delay postprandial rise in 

AAs (Gaudichon, and Calvez, 2021). Isolate supplements contain up to 90% protein and contain 

partly digested forms of protein so are broken down at a faster rate. Hydrolysates on the other 

hand are the purest supplement, containing over 90% protein and comprised of single amino 

acids and small peptides so are rapidly digested (Koopman et al. 2009).  

1.4.5. Influence on Appetite  

In addition to AA profiles and MPS responses, studies have investigated the potential of dietary 

protein as a tool to suppress appetite in order to combat the growing obesity pandemic (Chooi, 

Ding and Magkos. 2019). Appetite is controlled by many complex interactions between the 

digestive system, peripheral energy stores and the hypothalamus, most of which involve the use 

of chemical messengers.  

The hormone Leptin, released from adipose tissue, acts to decrease appetite (Friedman and 

Halaas. 1998). Research has previously investigated the potential role of insulin in the regulation 

of leptin; it is thought glucose metabolism plays a paramount role in long-term transcription of 

leptin mRNA (Tsai, et al. 2012); insulin also has a known involvement in increasing mTOR 

pathway regulation (Wang and Proud, 2006), and increased postprandial insulin levels have been 

associated with elevated rates of leptin secretion (Carlson et al. 2009) - potentially from insulin’s 

influence on mTOR increasing rate of translation and translocation. However, research into acute 

impacts of insulin on leptin regulation remains conflicted, with several studies showing no acute 

impact of insulin on leptin levels (Dagogo-Jack et al. 1996 and Pratley et al. 1996). It is well known 

AA consumption leads to elevations in insulin secretion (Floyd et al. 1966); as previously 

discussed, insulins involvement in leptin regulation, suggests protein could play an important part 

in tackling weight-loss, through indirectly increasing leptin-induced appetite reduction.  

In addition to leptin, peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) are released from 

endocrine cells in the bowel following meals, inducing satiety (Karra, Chandarana and Batterham. 
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2009, Turton et al. 1996). PYY and GLP-1 have both been found to increase significantly following 

a high protein meal (Batterham et al. 2006 and Chen et al. 2020); further indicating protein’s 

potential for use in weight loss strategies.  

The hormone ghrelin, produced mainly in the stomach, exhibits the opposite effect. Alongside 

stimulating growth hormone release, ghrelin has been shown to increase feeding (Nakazato et al. 

2001) and premeal hunger (Cummings et al. 2001). Protein consumption has demonstrated 

superior ability to reduce postprandial ghrelin levels compared to carbohydrates (CHO) (Blom et 

al. 2006), leading to greater reductions in appetite for longer periods of time.  

As well as the release of anorexigenic hormones, previous research has investigated the impact 

of serum AAs alone on appetite. A study comparing AA infusion to protein feeding found similar 

reductions in appetite in both groups: as serum AAs increased, hunger reduced, followed by a 

subsequent increase in hunger as AA concentrations  fell (Mellinkoff et al. 1956). This research 

suggests, acute bouts of satiety following protein consumption are not reliant on stomach 

mechanoreceptor signaling, instead, that serum AAs themselves may act as a chemical signal to 

the brain triggering a reduction in appetite. More recent studies have supported this theory, 

demonstrating high protein diets increased vagal sensitivity to anorectic signals in comparison to 

high fat diets (Nefti et al. 2007). Additionally, the aminostatic control of appetite  may be a safety 

mechanism incorporated by the body, to prevent serum AA levels not yest metabolized in MPS 

rising to toxic concentrations (Munro, 1978). Furthermore, investigations have shown certain AAs 

appear to have a greater anorexic impact than others. For instance, leucine alone demonstrated 

the same reduction in food intake compared to an AA mixture (Morrison et al. 2007); whereas, 

other AAs such as histidine or tyrosine did not demonstrate any effects, despite being key 

precursors to histamine and dopamine -key initiators of satiety (Bassil, Hwalla, and Obeid. 2007), 

suggesting AA composition of a protein source may affect its impact on appetite. However, current 

research is mixed with regard to protein source’s impact on appetite; this may be due to previous 
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studies not taking  into account timing of post protein meal, and in many cases not utilizing 

proteins in their single form, making it difficult to fully compare the anorexic properties of various 

protein sources (Veldhorst et al. 2008). Therefore, further studies using protein concentrates or 

hydrolysate forms are warranted to better test protein sources acute impact on appetite.  

Overall, despite the various connections between protein and molecular regulators of appetite, 

there is still large disparity in the literature concerning protein’s impacts on molecular appetite 

regulation (Leidy et al. 2010, Ben-Harchache et al. 2021), in addition to, conflicting relationships 

between perceived appetite and coinciding molecular regulation following PI (Smeets et al. 2008).  

More robust investigation is required to better understand the interaction between protein and 

appetite regulation and explore how variations in AA profiles alter a source’s impact on satiety. It 

is especially important for future studies into novel proteins to consider impacts on appetite 

regulation, in order to establish a wider comparative picture between sources.  

1.4.6. Plant Proteins   

Previous research has investigated various PP sources in an attempt to provide sustainable 

protein for the future. PP production requires far less energy (Pimentel, and Pimentel, 2003), 

water (Leitzmann, 2003) and land (Stoll-Kleemann and Schmidt, 2017) compared to animal-

derived sources, giving it a lower carbon footprint overall. However, quality of individual PP 

sources are yet to match AP. Many PPs are considered ‘incomplete’, have lower %EAA or 

reduced leucine levels (van Vliet, Burd, and van Loon, 2015), which in many previous studies 

have demonstrated reduced ability to stimulate MPS (Wilkinson et al. 2007). Many PP also have 

slower digestibility compared to AP, likely due to their secondary protein structure (Carbonaro, 

Maselli, and Nucara, 2012); however, aforementioned, some studies suggest although slower 

digestibility delays anabolic signaling responses, it may benefit overnight recovery and lead to a 

greater protein balance overall (Res et al. 2012).  
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In an attempt to improve PP quality, studies have utilized various methods to improve its 

anabolic properties , and thus postprandial aminoacidemic responses, including: selective 

breeding (Bruce et al. 2019 and Prasanna et al. 2001); AA fortification (Fomon et al. 1973); 

blending PPs with contrasting amino acid profiles (Gorissen et al. 2018) and  promising 

evidence now suggests, increasing quantity of PP intake, can successfully attain protein dietary 

requirements to the same level as AP (De Gavelle et al. 2017). Although PP development 

displays potential, further research is required to refine their anabolic properties and maximize 

capacity of PP sources for the future (van Vliet, Burd, and van Loon, 2015). 

1.5. Protein and Planetary Health 

Despite AP demonstrating superiority over more sustainable sources such as PP, there are many 

concerns regarding sustainability of AP’s production. The UK government found that in 2022, 

agriculture accounted for around 44.8% of greenhouse gas (GHG) emissions in the UK alone. In 

addition, previous reports found livestock contribute 80% towards global agriculture emissions 

(McMichael et al. 2007), totaling higher than global transport emissions. Furthermore, around 

44% of the most pollutive livestock – beef, is inedible, and therefore cannot contribute to global 

nutritional demands (USDA, 2011).  

Therefore, more modern proteins such as mycoprotein, produced using fermentation processes 

are considered high in quality due to their relatively low carbon footprint (Finnigan et al. 2019). In 

addition, alternative animal protein sources such as marine hydrolysates which are produced 

largely from biproducts  of the fishing industry, have recently captured the interest of the protein 

industry, due to its more sustainable production methods which are of a larger and more viable 

production scale, capable of providing greater world-wide food security than current commercial 

AP sources ( Kristinsson and Rasco, 2000).As the global population is expected to rise above 8.5 

billion by 2030 (United Nations), and climate change continues to accelerate at an alarming rate, 

sustainable sources of protein are now needed more than ever before. It is vital research 
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continues to discover novel, high-quality protein sources, which can sustainably meet nutritional 

demands; with the ultimate aim of maintaining muscle mass, and lengthening health spans for 

future generations. 

1.6. Marine Protein 

Furthering the search for high quality sustainable proteins, research has begun to explore the 

possibilities within Marine Protein Hydrolysates (MPH). MPHs comprise of marine protein broken 

down into its constituent peptides and amino acids (Venugopal. 2016).  

Fish is one of the largest global proteins consumed by humans, with over 184.6 million metric 

tons consumed in 2022 alone (Shahbandeh, 2023). However, over 60% of products produced 

from fish farms are discarded as waste, such as skin, guts, and bones (Chalamaiah, Hemalatha 

and Jyothirmayi. 2012). MPH are able to make use of these protein-rich waste products, making 

its supply lucrative and sustainable. By harnessing the potential of MPHs, fish farms can more 

than double their nutritional export, thus reducing the reliance on other more pollutive livestock 

supplies of protein such as cattle, aiding in lowering livestock contribution to GHGs. In addition to 

indirectly reducing GHGs, MPHs have the potential to boost economies of countries such as 

Norway for example, where the fish industry is the third largest contributor to its economy behind 

oil and gas (The Heritage Foundation, 2023). As well as drive economies of developing countries 

such as Vietnam which rely heavily on the fishing industry (Nguyen, 2023). Although, more work 

needs to be done to establish the required infrastructure to produce MPHs in such countries, as 

the hydrolysis process can be a costly investment (Siddik et al. 2012).  

Due to their great nutritional and economic potential, research is developing a growing interest in 

MPH as a potential high-quality sustainable protein source for the future. Current research has 

established promise in Blue-whitening fish species, demonstrating high aminoacidemic 

responses with plasma leucine levels in particular, which although significantly lower than dose-

matched whey protein, produced an equivalent anabolic response in vitro (Lees et al. 2021). 
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Further research has enlightened promise in Tilapia fish species, which produced similar 

aminoacidemic responses to whey protein following a bout of resistance exercise (Cordeiro et al. 

2020); therefore, can be considered a promising alternative to currently marketed protein sources. 

In addition to MPHs high anabolic potential, studies have noted additional health benefits such as 

improved intestinal health following consumption of pacific whiting MPH (Marchbank et al. 2008) 

and potential therapeutic effects of cuttlefish MPH on hypertension have also been demonstrated 

in animal models (Balti et al. 2015).  

Further to rapid digestibility and potential muscle anabolic effects, by-products from the fishing 

industry typically comprise largely of connective tissues, therefore, contain a significant level of 

collagen (Pal,  and Suresh, 2016; Rajabimashhadi et al. 2023). Aforementioned, collagen is rich 

in glycine, proline and hydroxyproline, thus their consumption has proved beneficial for connective 

tissue remodeling (Holwerda, and van Loon, 2022; Li and Wu, 2018.). However, at present, the 

processing of fish by-products into novel protein sources varies greatly between companies, 

which can largely impact on their AA profiles and digestibility. Consequently, it is important future 

studies investigate postprandial aminoacidemic responses of  novel MPHs, in order to determine 

their potential to support connective tissue and muscle remodeling. This novel protein-origin has 

paved an exciting path for protein research, with many marine protein sources yet to be explored. 

Notably, BIOMEGA (Skogvag, Norway) has recently developed a promising salmon-derived 

MPH, with a relatively high EAA and NEAA profile compared to current high-quality sources such 

as milk protein; in particular the novel salmon MPH possesses high glycine, proline and 

hydroxyproline content (see table 2), offering a sustainable protein source with high digestibility 

(see section 2.3 for production process), with promising potential  to robustly stimulate muscle 

and connective tissue remodeling. However, it has yet to be determined if this new Salmon Protein 

Peptide (SPP) source can match up to current AP supplements postprandially. Therefore, this 

study aims to investigate the following...  
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1.7. Aims and Objectives 

The aims and objectives of this study were as follows: 

1.7.1. Determine and compare the postprandial aminoacidemic responses of  milk protein 

isolate (MPI) to hydrolyzed Salmon protein peptide (SPP) in healthy young males 

and females. 

In order to achieve this aim, the current study will compare the plasma aminoacidemic responses 

of SPP and a dose matched MPI (e.g., high-quality control).  

We hypothesized that SPP would generate  higher NEAA responses, due to its greater glycine 

proline and hydroxyproline content. Despite SPP’s lower EAA and leucine content, we 

hypothesized comparable postprandial levels would be observed, due to SPP’s hydrolyzed form 

allowing for faster digestion and absorption of AAs.  

1.7.2. Determine the effects of milk protein isolate (MPI) and hydrolyzed Salmon protein 

(SPP) on appetite regulation in healthy young males and females. 

To compare perceived appetite responses to SPP and MPI, utilizing visual analog scales across 

a 4hr period followed by an ad-libitum meal.  

We hypothesized an initial transient alteration in perceived appetite immediately post protein 

ingestion, which is generally observed following protein consumption. Alongside a secondary 

hypothesis, that no significant differences in perceived appetite, insulin or glucose levels would 

be apparent between the two supplements, due to the relatively small differences in overall 

protein content.   
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2. Methods  

2.1. Participants 

11 young, healthy people participated in this randomized single-blind crossover study, 6 male and 

5 female (see Table 1 below for characteristics). Both sexes were recruited amongst the cohort 

during this investigation in (roughly) even numbers, in order to better represent the wider 

population. During a preliminary visit, participants received detailed explanations of study 

purpose, investigation procedures and potential risk factors, after which, informed consent was 

obtained in writing. Following consent, a general health questionnaire was conducted to 

determine participant eligibility for the study. Exclusion criterion included: Persons with a BMI of 

<18.5 or > 29.9 kg/m2, any history of chronic disease or illness, individuals with any known 

allergies or intolerances to the protein supplements and ingredients to be digested as part of this 

study (including shellfish), individuals that habitually smoke and/ or regularly skip breakfast, 

finally, persons who regularly consumed any supplementary aids or medication known to affect 

muscle protein metabolism. Following a successful GHQ, participants were taken to the laboratory 

for height, weight, and body composition analysis (using Bioelectrical Impedance Analysis), to 

confirm healthy status for participation, and to determine if body composition significantly changed 

throughout the study. 

 

 
Table 1. Participant Characteristics   

Age (y) 21.9 ± 3.3 

Height (cm) 175.4 ± 10.5 

Weight (kg) 74.2 ± 17.2 

BMI (kg/cm2) 23.9 ± 3.6 

Fat Mass (kg) 15.2 ± 6.0 

Body Fat (%) 20.5 ± 6.6 

Fat free mass (kg) 58.8 ± 14.3 

Skeletal Muscle Mass (kg) 56.3 ± 14.1 

Values represent mean ± standard deviation. 
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2.2. Ethical Approval  

Ethical approval was provided by the School of Sport Exercise and Rehabilitation Science’s 

Ethical Review Board at the University of Birmingham (Study Number: ERN_15-0522). The 

investigation was carried out in accordance with Ethical Review Board standards within the 

School of Sport Exercise and Rehabilitation Science’s at the University of Birmingham - aligning 

with the standards of human experimentation and in accordance with the Declaration of Helsinki 

- 1975, as revised in October 2013. 

2.3. Protein Supplements 

The SPP was obtained from BIOMEGA (Skogvag, Norway) and MPI from MyProtein 

(Northwich, UK), previously used in a study by Smeuninx et al in 2017, (supplement 

characteristics can be found in Table 2). A mean dose of 21.7±4.6g of protein was administered 

to each participant during trials. Overall protein content of SPP was 93.5%, compared to 78% in 

MPI. Therefore, protein powder was adjusted accordingly, in order to dose-match protein during 

trials; on average participants received: 23.3±4.9g/kg of SPP or 27.9±5.9g/kg MPI during trials 

(more MPI powder was administered to account for the higher protein content in SPP).  

2.3.1. Novel Salmon Protein Peptide (SPP) 

SalMe Peptides was produced from food grade salmon raw materials, using commercial food 

grade, non-GMO proteases in a patented process at Biomega Norway AS (Skageneset, 

Norway). Following the enzymatic hydrolysis, all fractions were heated to >85°C before water-

soluble content was separated from fat and the non-soluble fractions via centrifugation. 

Following this, water-soluble fraction is ultra- and nano filtered. The retentate from the 

nanofiltration was further concentrated using an evaporator, before being spray dried. The final 

product consisted of a mixture of peptides and free amino acids, alongside other water-soluble 

nutrients.  
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2.4. Study Design 

The study was a randomized single-blind crossover design, to prevent knowledge of supplement 

consumed impacting on perceived appetite or ad-libitum energy intake. The primary outcome 

measure was postprandial plasma aminoacidemia following ingestion of SPP and MPI. 

Secondary outcome measures included postprandial levels of plasma Insulin, glucose, alongside 

perceived appetite. Participants attended two laboratory trials, at least one week apart. On both 

trials, individuals consumed either SPP or MPI at a protein-matched dose of 0.3g/kg BM (Dosage 

Mean ±SD: Salmon 23.3g ± 4.9. Milk 27.9g ± 5.9) to ensure PI was relative to body mass; this 

was mixed with 300ml water, which was later swilled with 200ml of water and ingested to ensure 

all content in the bottle was consumed. Participants were assigned supplement order by a 

computer randomizer; each participant was their own control, as all participants trialed both 

supplements in a blinded, randomized order on two separate occasions. Protein shakes were 

served in opaque bottles, mixed with dose-matched vanilla flavoring (MyProtein) and nose clips 

were worn during consumption to further strengthen blinding of trial conditions. Food diaries 

alongside periodical visual analog scales (VAS) were utilized to assess changes in appetite and 

dietary composition between conditions. During each trial, participants were asked to mark along 

a 100mm line, where they thought appropriately represented their appetite; the distance along 

the line was then measured to provide an appetite score for each question (see Fig. 2 below for 

VAS questions presented to participants). Blood samples were taken prior to consumption and 

routinely for the following 4 hours. Following sampling, participants were provided with an ad-lib 

meal in order to assess appetite further (see Fig. 3 below for a visual representation of the trial 

timeline). All trials were scheduled at the same time of day to ensure diurnal and intrasubject 

variation was minimized. 
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Figure 2. Illustration of VAS questions posed during trials. 
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Figure 3. Postprandial study design schematic. 
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Table 2: Supplement Composition  

Amino Acid Composition 
Salmon Protein 

Peptide (%)  
Milk Protein 
Isolate (%)  

Aspartic Acid  9.4 7.4 

Glutamic Acid 14.5 9.1 

OH-Proline 4  

Serine 4.6 5.3 

Glycine 15 1.7 

Histidine 2 2.3 

Arginine 7 3.7 

Threonine 3.9 3.8 

Alanine 7.8 3 

Proline 7.3 9.9 

Tyrosine 1.7 4.6 

Valine 3.5 6 

Methionine 2.6 2.6 

Isoleucine 2.7 5.6 

Leucine 4.8 9.8 

Phenylalanine 2.6 4.7 

Lysine  7.4 8.7 

Tryptophan 0.81 1.7 

Total cysteine/cystine 0.49 0.9 

Total EAA 30.31 43.8 

Total BCAA 11 21.4 

Macro and Micronutrient Composition 
Salmon Protein 

Peptide (g)  
Milk Protein 
Isolate (g)  

Fat  <0.5 1.4 

Of which saturates  <0.5 1.2 

Carbohydrates  n.d. 5.4 

Of Which Sugars  <0.04 4.4 

Protein 93.5 81 

Salt 0.6 0.2 

EAA = Essential Amino Acids. BCAA = Branch Chain Amino Acids  
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2.5. Pre-Experimental Trial Protocol 

To gain baseline measures of appetite and habitual dietary composition, during the 3-5 days 

following preliminary visits, participants were asked to complete a food diary of their habitual diet. 

Individuals were provided with a standardized meal to consume by 2200 the night before trial 

days, which was personalized to each participant (each meal consisted of ~ 413 kcal, 56% CHO, 

22% protein and  22% fat). Participants remained fasted (apart from water intake) before attending 

the laboratory the following morning; this was to ensure recent dietary intake had minimal impact 

on samples from either trial (see Table 3 for nutritional information of standardized meals). In 

addition, food diaries were completed the day before so control measures could be checked 

following study completion. Participants were also given a physical activity diary and pedometer 

to record daily activity the day before and the day of trials. Individuals were asked to abstain from 

strenuous physical activity 24 hours prior to and on the day of trials, and repeat the activity logged 

on their second visit. 

2.6. Experimental Trial Protocol  

Upon arrival at 0700, participants were seated on a bed and their arm placed under a heated 

blanket to arterialize venous blood for sampling. Following arterialization, an intravenous canular 

was inserted into the antecubital vein to allow repeated blood sampling (10ml every timepoint). 

Following a fasted baseline blood sample and VAS, participants consumed either a SPP or MPI 

shake. Participants could consume ad-libitum water throughout the 4-hour period, and water 

intake was repeated on the second trial. Blood Samples were taken at 15, 30, 45, 60, 90, 120, 

150, 180, 210 and 240minutes post-protein ingestion, in order to identify changes in postprandial 

plasma aminoacidemia and changes in insulin. VAS scales were completed at 5, 30, 60, 120, 180 

and 240minutes following protein consumption. Following the final blood sample and VAS, the 

intravenous canular was removed and participants were provided with an ad-libitum meal 

consisting of: 500ml water, 75g Cornflakes, 500ml semi-skimmed milk, six slices of white bread, 
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10g margarine, 45g raspberry jam, 2 strawberry yogurt pots, three medium bananas, three royal 

gala apples, four breakfast bars, six scotch pancakes, four baked bean pots, four mini mature 

cheddar cheeses and two porridge pots (Table 3). Participants could eat as much or as little as 

they liked and were not aware meal consumption was monitored to assess appetite levels and 

dietary composition choices, to avoid knowledge of monitorization impacting on the volume of 

food eaten. Finally, for the rest of the day, participants were asked to complete a food diary and 

fill out 3 more VASs (Pre-lunch, Pre-dinner and Pre-sleep). Food diary and ad-libitum meal data 

was later assessed using Nutritics. 
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Table 3: Meal Nutritional Information  

Item  Brand  Amount  
Weight Energy 

(Kcal) 

CHO FAT PRO 

(g) (%Kcal) (%Kcal) (%Kcal) 

Cottage Pie, Sainsbury's 1 400 344 44 31 25 

Lentil Cottage 
Pie  

Sainsbury's 1 400 297 75 11 14 

Spaghetti 
Bolognese  

Sainsbury's 1 400 427 48 29.7 22.3 

Mixed Frozen 
Vegetables 

Sainsbury's 2 80 40 60 13 27 

Cornflakes Kellogg’s 1 75 282.5 90 2 8 

SS-Milk Sainsbury's 1 500 235 39 31 30 

White Bread 
Slice 

Warburtons 
Toasty 

6 47.3 116 78 7 15 

Margarine Clover 1 10 59 1 98 1 

Raspberry Jam Sainsbury's 1 45 107.6 100 - - 

Scotch 
Pancakes 

Sainsbury's 6 50 74 78 12 10 

Strawberry 
Yogurt 

Activia 2 115 104 54 28 18 

Bananas Sainsbury's 3 118 89 93 3 4 

British Apples Sainsbury's 3 100 54 95 - 5 

Cereal Bar Eat Natural  4 45 215 45 51 4 

Porridge Pot 
Oat So 
Simple 
Original 

2 45 164 65 15 20 

Bean Snap Pots Heinz 4 200 158 71 3 26 

Mature Cheddar Cathedral 4 20 83.0 0.0 76 24 

Water Tap 1 500 0.0 0.0 0.0 0.0 

Values with - contain <0.5% 
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2.7. Blood processing and analysis 

Each 10ml blood sample was collected via syringe and divided evenly (x2 5ml) into two 

vacutainers (Becton Dickinson, UK); one pre-treated with K2EDTA anticoagulant for plasma 

collection (catalog number: 367525), and the other pre-treated with Silica (Clot Activator)/Gel for 

serum collection (catalog number: 367958). Serum samples were rested at room temperature for 

40 minutes to enable clotting. During this time, plasma samples were rested on ice to prevent 

clotting. All samples underwent centrifugation at 4000RCF for 10minutes at 4°C. Plasma and 

serum were aliquoted from samples and stored at –80°C prior to analysis. 

Plasma glucose levels were determined using the glucose hexokinase method via a Randox rX 

Daytona chemistry analyzer (Randox Laboratories LTD, Crumlin, UK). Samples were analyzed in 

duplicate, following manufacturer protocols. All reagents utilized during analysis were obtained 

from Randox Laboratories LTD (Ref: GL8319). 

Plasma insulin levels were examined in duplicate via an ultrasensitive insulin ELYSA kit 

(catalogue number: 10-1132-01; Mercodia AB, Sylveniusgatan, Sweden) following manufactures 

instructions. In brief, a solid two-site enzyme immunoassay was used, employing the direct 

sandwich technique. After administering 25μL of each sample, calibrators, and controls into their 

relevant wells, 100μL enzyme conjugate solution was added to each well and the plate was 

incubated for 1hr at room temperature. Plates were washed 6 times with an automatic plate 

washer to remove unbound enzyme labelled antibody. 200μL Substrate TMB was added to each 

well. Following 30minute incubation at room temperature, 50μL Stop Solution was added to each 

well to produce a colorimetric endpoint which was read spectrophotometrically. 

Analysis of plasma AA levels was conducted using EZ: faast procedure according to the 

manufacturer’s instructions. In brief, 50μL of plasma was combined with 50μL of EZ: faast internal 

AA standard and 50μL of DDH2O in a sample preparation vial. Samples were transferred slowly 

(1 min) through a sorbent tip attached to a 1.5mL syringe. 200μL of wash solution (1-propanol 
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and H2O) was added to sample preparation vials and transferred slowly through the sorbent tips 

into the syringe barrel. Liquid accumulated in the syringe barrel was then discarded. 200μL of 

freshly prepared elution medium (a NaOH-based solution) was added to the sample preparation 

vial. Using a 0.6mL syringe, the eluting medium was transferred slowly through sorbent particles 

to the filter plug in the sorbent tip. After, the liquid and particles were ejected from the syringe into 

the sample preparation vial; this step repeated a further two times. 50mL of derivatization solution 

(a mixture of CHCl3, 2, 2, 4 trimethylpentane and propylchloroformate) was added to the sample 

preparation vial and vortexed for 10 sec to emulsify. To separate the emulsion into 2 layers, 100ul 

of Acid solution (HCl-based) was added. The upper layer (containing derivatized AA’s) was 

transferred to an auto sampler vial and analyzed via Gas Chromatography (Agilent 6890W) fitted 

with a Flame Ionization Detector. NEAA levels during the current study represent the sum of 

alanine, arginine, asparagine, citrulline, cysteine, glutamine, glutamic acid, glycine, ornithine,  

proline, taurine, and tyrosine. 

2.8. Statistical Analysis  

Changes in appetite throughout the trial day were assessed using a 2-way ANOVA with condition 

and time factors alongside iAUC to determine group effects. iAUC values were calculated with 

the trapezoid method using the Time Series Response Analyser (Narang et al., 2020). Changes 

in dietary composition were assessed using 2-way ANOVA with composition and condition as 

factors. Dietary composition during trial days were compared to habitual dietary intake values 

(HAB) gained from food diaries prior to experimental visits. A p<0.05 was considered statistically 

significant. Changes in plasma glucose levels were calculated using a mixed effects analysis, to 

a significance level of p<0.05. Changes in plasma insulin levels were calculated using a 2-way 

AVONA, A p<0.05 was considered statistically significant. iAUC was also used to assess group 

differences in glucose and insulin (Narang et al., 2020). Changes in plasma AA levels were 

calculated using a mixed effects analysis, to a significance level of p<0.05; iAUC was also utilized 
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to determine group effects on plasma AA levels (Narang et al., 2020). Data was presented as 

mean ± SEM. All statistical analyses were completed on Prism 9.3.1 Graph Pad.   
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3. Results:  

3.1.  Postprandial plasma glucose and insulin levels.  

Daytona analysis of plasma Glucose Hexokinase demonstrated an overall decline in glucose 

levels following protein consumption (time effect: p=0.0123; Fig. 4A); in SPP glucose levels 

were significantly higher at 15minutes compared to fasted state (Mean Percentage Increase = 

4.1±20.8, p= 0.0038), following this, glucose decreased steadily until 60minutes post-ingestion, 

then a secondary rise occurred until 120minutes, followed by a final decrease to 240minutes. 

Glucose levels following MPI did not significantly increase above fasted levels, although 

followed a similar pattern to SPP. No group differences were observed between SPP and MPI 

(p=0.9918). Likewise, no group x interaction effect was observed between the two trials (all 

p=0.9183). In addition, no significant difference was observed between glucose iAUC values 

(p=0.9247; Fig. 4B). ELISA of plasma insulin demonstrated an increase in plasma insulin 

following protein intake (time effect: p<0.0001; Fig. 4C); in SPP insulin levels were significantly 

higher at 30 (Mean Percentage Increase = 408.4±9.5% p<0.0001) and 60 minutes compared to 

fasted state (Mean Percentage Increase = 119.9±32.2% p=0.0125). SPP insulin levels 

remained elevated above fasted state until 90minutes post-protein intake. Similarly, insulin 

levels following MPI were significantly greater at 30 (Mean Percentage Increase = 323.2±13.3% 

p<0.0001) and 60 minutes compared to fasted levels (Mean Percentage Increase = 

127.5±33.8% p=0.0190). MPI insulin and remained elevated above fasted state until 

120minutes post-protein intake. No group differences were observed between the supplements 

(p=0.6070). Similarly, no group x interaction effect was observed between the two proteins 

(p=0.0664). Finally, iAUC comparison demonstrated no significant differences between 

supplements (p=0.7542; Fig.4D). 
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Figure 4. Postprandial plasma glucose and insulin concentrations. 
Figures demonstrating mean ±SEM in plasma glucose and insulin levels throughout Salmon 
Protein Peptide (SPP) and Milk Protein Isolate (MPI) trials. (A) Post prandial plasma glucose 
concentrations found in blood samples taken across a 240-minute period. (B) Glucose area under 
the curve values (iAUC). (C) Post prandial plasma insulin concentrations found in blood samples 

taken across a 240-minute period. (D) Insulin iAUC. † SPP = p ≤ 0.05 compared to timepoint 

0minutes, # MPI = ≤ 0.05 compared to timepoint 0minutes. 
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Time: p=0.0123 

Treatment: p=0.9918 

Interaction: p=0.9183 

Time: p<0.0001 

Treatment: p=0.6070 

Interaction: p=0.0664 
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3.2. Postprandial plasma TAA, NEAA, EAA and leucine levels. 

Gas chromatography analysis of TAA concentrations demonstrated an increase following protein 

consumption (time x interaction effect: P<0.001; Fig. 5A), Plasma TAA concentrations 

significantly increased above baseline values following 15 to 90 min following ingestion of SPP 

and MPI (all = p<0.05). Plasma TAA concentrations were significantly higher following SPP 

compared to MPI at 30, 45 and 60 min (all = p<0.001). SPP demonstrated significantly greater 

peak TAA levels compared to MPI (5004 ±296 vs. 3719 ±302μmol·L-1, respectively; p<0.001). 

Time-to-peak TAA levels did not differ between proteins (SPP: 50 ±14 vs. MPI: 48 ±16min; 

p=0.552). Additionally, SPP demonstrated significantly greater plasma TAA levels following iAUC 

analysis compared to MPI (p=0.002; Fig. 5B).  

Gas chromatography analysis of plasma NEAA levels (sum of alanine, arginine, asparagine, 

citrulline, cysteine, glutamine, glutamic acid, glycine, ornithine, proline, taurine, and tyrosine) 

demonstrated an increase following protein intake (time x interaction effect: p<0.001), NEAA 

levels following SPP intake were significantly higher than baseline at 30-90min (all= p<0.001). 

However, plasma NEAA only increased above fasted state at 45 and 60min post consumption of 

MPI (both = p<0.05). Plasma NEAA concentrations were significantly higher following SPP intake 

compared to MPI at 30, 45, 60 and 90min post intake (all = p<0.01). SPP demonstrated a 

significantly greater peak NEAA concentration compared to MPI (3376 ±197 vs. 2287 

±173μmol·L-1, respectively; p<0.001). Although, time-to-peak TAA concentration did not differ 

between supplements (SPP: 49 ±18 vs. MPI: 49 ±17min; p=0.303) (Fig. 5C). In addition, SPP 

demonstrated significantly greater plasma NEAA levels following iAUC analysis compared to MPI, 

(p<0.001; Fig. 5D). 

Gas chromatography analysis of plasma EAA concentrations demonstrated a significant increase 

following protein intake (time effect: p<0.001, Fig. 5C), although, no significant difference between 

proteins was identified (group effect: P=0.722; interaction effect: P=0.836). Plasma EAA 
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concentrations were increased above fasted state from 30-90min following intake of both SPP 

and MPI (P<0.05 for all). Peak EAA concentration did not significantly differ between SPP and 

MPI (1361 ±196 vs. 1340 ±166μmol·L-1, respectively; p=0.658). In addition, time-to-peak EAA did 

not demonstrate a significant difference between SPP and MPI (52 ±21 vs. 47 ±18min, 

respectively; p=0.196). Finally, no differences in iAUC for EAA were observed between proteins 

(p=0.551, Fig. 5D). 

Gas chromatography analysis of plasma leucine demonstrated an increase following protein 

ingestion (time x interaction effect: p=0.0139; Fig. 5G). Leucine concentrations increased above 

fasted state from 15-150min following ingestion of MPI (all p<0.05), whereas plasma leucine 

increased from 15-60min following SPP intake (all p<0.05). Leucine concentrations were 

significantly higher following MPI compared to SPP at 90 and 120min post intake (both p<0.01). 

Peak leucine levels did not significantly differ between proteins (SPP: 250 ±32 vs. MPI: 246 

±31μmol·L-1; p=0.657). SPP reached peak leucine levels at a significantly faster rate compared 

to MPI (31 ±14 vs. 46 ±17min, respectively; p=0.034). MPI also demonstrated significantly greater 

plasma leucine levels following iAUC analysis compared to SPP (p=0.011; Fig. 5H). 
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Figure 5. Postprandial plasma TAA, NEAA, EAA and leucine levels following SPP and MPI 
ingestion. 
Figures demonstrating mean ±SEM of postprandial aminoacidemic responses following Salmon 
Protein Peptide (SPP) and Milk Protein Isolate (MPI) ingestion. (A) TAA levels in blood samples 
taken across a 240-minute period. (B) TAA area under the curve (iAUC). (C) NEAA levels in 
blood samples taken across a 240-minute period. (D) NEAA iAUC. NEAA level represents the 
sum of alanine, arginine, asparagine, citrulline, cysteine, glutamine, glutamic acid, glycine, 
ornithine, proline, taurine, and tyrosine. (E) EAA levels in blood samples taken across a 240-
minute period. (F) EAA iAUC. (G) Leucine levels in blood samples taken across a 240-minute 
period. (H) Leucine iAUC. TAA = total amino acids. NEAA = non-essential amino acids. EAA = 

essential amino acids. † = p ≤ 0.05.  
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3.3.  Postprandial plasma glycine, hydroxyproline and proline levels . 

Gas chromatography analysis of plasma glycine demonstrated a significant increase following 

protein intake (time x interaction effect: p<0.001; Fig. 6A)). Plasma glycine concentrations 

increased above fasted levels between 30-150min post SPP ingestion (all p<0.05). However, no 

changes in plasma glycine levels were observed post MPI ingestion. Plasma glycine 

concentrations were significantly higher following SPP compared with MPI between 30-120min 

post-intake (all p<0.01). Peak glycine level was significantly greater following SPP compared to 

MPI (456 ±24 vs. 284 ±33μmol·L-1, respectively; p<0.001). Time-to-peak glycine concentration 

did not significantly differ between SPP and MPI (44 ±19 vs. 51 ±16 min, respectively; p=0.127). 

SPP also demonstrated significantly greater plasma glycine levels following iAUC analysis 

compared to MPI (p<0.001; Fig. 6B). 

Gas chromatography analysis of plasma hydroxyproline (OH-Pro) demonstrated a significant 

increase following protein intake (time x interaction effect: p<0.001; Fig 6C). OH-Pro levels 

increased above fasted state from 30-240min following SPP intake (all p<0.001), whereas OH-

Pro levels only increased at 60min post MPI ingestion (p=0.044). OH-Pro concentrations were 

significantly higher following SPP compared to MPI intake at timepoints 30-240min post-ingestion 

(all p<0.01). Time-to-peak OH-Pro levels did not differ between proteins (SPP: 51 ±21 vs. MPI: 

46 ±13 min; p=0.201). Likewise, SPP demonstrated significantly greater iAUC values for OH-Pro 

compared to MPI (P<0.001; Fig. 6D)  

Gas chromatography analysis of plasma proline concentrations demonstrated a significant 

increase following protein intake (time effect x interaction effect: p<0.030; Fig. 6E). Proline levels 

increased above fasted state at timepoints 30-90min following ingestion of SPP and MPI (all 

p<0.001). Proline concentrations were significantly higher following SPP intake compared to MPI 

at 30min post-ingestion (P=0.037). Time-to-peak plasma proline did not significantly differ 
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between supplements (SPP: 44 ±18 vs. MPI: 45 ±19 min; p=0.343). In addition, SPP 

demonstrated significantly greater proline levels following iAUC analysis (p=0.029; Fig. 6F). 
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Figure 6. Postprandial plasma glycine, hydroxyproline and proline levels following SPP 
and MPI ingestion. 
Figures demonstrating mean ±SEM of postprandial plasma amino acid levels following Salmon 
Protein Peptide (SPP) and Milk Protein Isolate (MPI) ingestion. (A) Glycine levels in blood 
samples taken across a 240-minute period. (B) Glycine area under the curve (iAUC). (C) 
Hydroxyproline levels (OH-Pro) in blood samples taken across a 240-minute period. (D) OH-Pro 

iAUC. (E) Proline levels in blood samples taken across a 240-minute period. (F) Proline iAUC. † 

= p ≤ 0.05. 
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3.4. Protein ingestion demonstrated no impact on perceived appetite between groups 

during trials. 

VAS scales for hunger (Fig. 7A), fullness (Fig. 7C) and satisfaction (Fig. 7E) 

demonstrated a time effect (p<0.001). Following SPP, hunger levels demonstrated a small 

decrease at 15minutes followed by a steady rise, but no significant changes compared to 

fasted state until 240minutes post-ingestion (Mean Percentage Increase = 58.6±27.2% 

p=0.0189; Fig. 7A). Fullness levels following SPP demonstrated a significant increase at 

15minutes post-ingestion compared to fasted state (Mean Percentage Increase = 

75.9±19.2% p= 0.0019; Fig. 7C); after which fullness levels decreased back to fasted 

levels, this decrease continued steadily throughout the trial. Despite a slight increase at 

15minutes post-ingestion, followed by a steady decline back to fasted values, no 

significant changes in satisfaction were observed following SPP (Fig. 7E). Hunger levels 

following MPI demonstrated a small decrease at 15minutes followed by a steady rise, but 

no significant changes were observed compared to fasted state until 180minutes (Mean 

Percentage Increase = 55.7±30.9% p=0.0387; Fig. 7A) and 240minutes post-ingestion 

(Mean Percentage Increase = 70.2±19.9% p=0.0025; Fig. 7A). Following MPI Fullness 

demonstrated a significant increase at 15minutes post-ingestion compared to fasted state 

(Mean Percentage Increase = 93.3±16.7% p= 0.0006; Fig. 7C); after which fullness levels 

returned to fasted levels, this decline continued steadily throughout the trial. MPI 

demonstrated a significant increase at 15minutes post-ingestion (Mean Percentage 

Increase = 29±29.4% p= 0.0300 Fig. 7C), followed by a steady decline throughout the rest 

of the trial. Despite a slight increase at 15minutes post-ingestion, followed by a steady 

decline back to fasted values, no significant changes in satisfaction were observed 

following MPI throughout the trial (Fig. 7E). No group differences in perceived appetite 

were observed between SPP and MPI (hunger, p=0.7328., fullness, p=0.8313., and 

satisfaction, p=0.8679., Fig. 7A-E). Likewise, no group x interaction effect was observed 
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on any VAS (all p>0.7, Fig. 7A-E). Finally, no differences in iAUC were observed between 

groups for hunger (SPP,13363 ±1295 vs MPI, 14093 ±1527, p=0.6287, Fig. 7B), fullness 

(SPP, 6714 ±1469 vs MPI, 7035 ±1344, p=0.8955, Fig. 7D), satisfaction (SPP, 7707 ± 

1518 vs MPI, 8172 ± 1598, p=0.7852, Fig. 7F). 
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Figure 7. Appetite response following salmon and milk protein ingestion. 
Figures demonstrating mean ±SEM in perceived appetite measures throughout Salmon Protein 
Peptide (SPP) and Milk Protein Isolate (MPI) trials. (A) Visual analog scores (VAS) of Hunger. (B) 
Hunger area under the curve (iAUC). (C) VAS scores of Fullness. (D) Fullness iAUC. (E) VAS 

scores of Satisfaction (F) Satisfaction iAUC. † SPP = p ≤ 0.05 compared to timepoint 0 minutes.  

# MPI = p ≤ 0.05 compared to timepoint 0 minutes. ns = No significant difference. 
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3.5.  Protein ingestion showed no impact on dietary composition.  

No significant differences in daily EI were observed following protein consumption 

compared to HAB (p=0.1303; Fig. 8A). No differences in dietary composition were 

identified between HAB, SPP and MPI for CHO (p=0.7922), PRO (p=0.1109) or Water 

(p=0.2892), Fig. 8B, C, E. However, daily FAT intake was significantly lower than HAB 

following SPP and MPI consumption (p=0.0156, p=0.0236, respectively), although no 

differences were observed between proteins (p=0.9805) (Fig. 8D). No significant 

differences in ad-libitum breakfast EI were found between proteins (p=0.9099; Fig. 8F), 

and no differences were identified between dietary composition of ad-libitum breakfast 

between trials (Fig. 8G) (see Table 4 for average nutritional values). 
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Figure 8. Daily dietary intake and during trial ad-libitum breakfast. 
Figures demonstrating mean ±SEM of dietary composition: Habitually (HAB), alongside following Salmon Protein Peptide (SPP) and 
Milk Protein Isolate (MPI) trials. (A) Total daily energy intake (EI). (B) Daily carbohydrate (CHO) intake. (C) Daily protein (PRO) intake. 
(D) Daily fat intake. (E) Daily water intake. (F) Ad-libitum breakfast energy intake following trials. (G) CHO, PRO and FAT consumed 

during ad-libitum breakfast. † = p < 0.05. 
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Table 4: Average Nutritional Intake Values  

Dietary Component EI/Day HAB SPP MPI 

CHO (g/kg) 3.9±1.2 3.7±1.5 3.8±1.4 

Protein (g/kg) 1.7.8±0.4 1.3±0.7 1.3±0.7 

Fat (g/kg) 1.4±0.4 1.0±0.6 1.0±0.4 

Total Water (ml) 1652.4±709.6 1073.9±528.1 1311.1±1088.9 

Total EI (Kcals) 2549±699 2035±940 2155±732 

Ad-lib Meal EI HAB SPP MPI 

CHO (g/kg) 0.9±0.3 2.5±1.1 2.3±0.5 

Protein (g/kg) 0.3±0.2 0.6±0.2 0.6±0.2 

Fat (g/kg) 0.2±0.1 0.5±0.2 0.5±0.2 

Total EI (Kcals) 520±232 1229±688 1206±409 

EI= Energy Intake HAB = Habitual. SPP = Salmon Protein Peptide. MPI = Milk Protein Isolate.  
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4. Discussion:  

4.1. Overview.  

This study investigated changes in postprandial plasma glucose, insulin, and aminoacidemia; as 

well as changes in perceived appetite, ad-libitum energy intake (EI) and dietary composition, 

following acute ingestion of protein-matched beverages relative to body mass, containing either 

SPP or MPI in young healthy individuals (Table 1). Overall, plasma TAA and NEAA were 

significantly greater following SPP ingestion, although, no differences were observed in EAAs 

(Fig. 4A-F) . Postprandial plasma leucine levels were significantly greater following MPI (Fig. 4G-

H), although plasma glycine, hydroxyproline and proline were significantly greater following SPP 

(Fig. 5). No differences in postprandial plasma insulin or glucose levels were observed between 

proteins (Fig. 3). In addition, no differences in perceived appetite measures were evident between 

supplements (Fig. 6) and aside from a significant reduction in daily fat consumption, protein intake 

appeared to have little impact on dietary composition (Fig. 7).  

4.1. Insulin and Glucose 

No significant differences in postprandial plasma insulinemia were identified between 

supplements (Fig. 3D). Both Proteins followed a similar pattern, with significantly elevated insulin 

concentrations at 30 and 60minutes compared to fasted levels (Fig. 3C). The observed 

postprandial glucose response coincided with the lack of differences observed in insulinemia 

between proteins. Glucose demonstrated no significant differences between supplements for any 

timepoint, although, SPP did demonstrate significantly higher glucose levels compared to fasted 

state at 15 minutes post-ingestion (Fig. 3A). Research to-date appears mixed on the effects 

MPHs have on hyperglycemic control. One review by Sharkey et al, in 2020, found overall MPH 

appears to positively impact blood glucose and body weight. However, due to wide variation in 

study methodologies, it is yet to be determined by what mechanism MPHs might act on 

hyperglycemic control; several studies invitro and animal models coincide with the current 

investigation, demonstrating increased insulinemia following MPH consumption (Harnedy et al. 
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2018a, Parthsarathy et al. 2019). Although, in contrast to the current study, previous human 

research has shown insignificant impact on insulin levels (Sharkey et al, 2020). The smaller 

sample size, and short duration of the current study’s trials, may have played a part in the lack of 

differences observed between glucose levels; SPP did demonstrate a significant rise in glucose 

at 15minutes post-ingestion compared to fasted levels; whereas MPI did not observe any 

significant changes compared to fasted state. Therefore, a larger sample size may aid in 

elucidating the impacts of SPP on glucose levels. Furthermore, studies have found MPHs appear 

to increase glucose uptake (Harnedy et al. 2018b), which may explain the sharp decrease in 

glucose levels following 15minutes into the trial. Many of the studies that observed positive 

impacts on glycemic control in the above review were longer-term interventions, with larger 

sample sizes of older populations; this may have allowed more scope to capture changes in 

glycemic control.  

4.2. TAAs 

At present, research comparing postprandial aminoacidemia from MPHs to commercially 

available high-quality protein sources is sparce. Previous investigations from Lees et al (2021) 

and Cordeiro et al (2020), demonstrated similar postprandial TAA levels following MPHs 

compared to dose-matched whey protein (WP) throughout trials. These findings differ from the 

current study; although time-to-peak TAA did not differ between the two supplements, SPP 

displayed a larger TAA response compared to MPI at time points 30-60min (Fig 4A), as well as 

a significantly higher iAUC value for SPP (Fig 4B). As both supplements were dose-matched for 

protein throughout the study (Table 2), the variance in TAA levels is likely due to a superior 

digestion rate by SPP. MPHs have been shown to possess faster digestion rates, due to their 

higher free AA content resulting from hydrolysis processing, allowing hydrolysates to cross the 

gastrointestinal membrane much quicker (Koopman et al. 2009). TAA levels in the two previous 

studies (Lees et al. 2021 and Cordeiro et al. 2020), also peaked at the same timepoint, supporting 

the theory that the larger TAA concentrations observed following SPP in the current study, are 
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due to rapid digestibility. Previous studies have demonstrated WP isolates and hydrolysates are 

digested at a significantly faster rate compared to milk protein (MP) (Mitchell et al. 2015) and so 

may have lessened the difference in time-to-peak generated by digestion in Lees and Cordeiro’s 

studies. Despite previous studies mentioned comparing MPH to WP, this should not influence 

TAA comparison between studies, for all investigations provided protein-matched beverages 

relative to body mass, and previous studies have demonstrated little difference in postprandial 

TAA between whey and milk supplements (Mitchell et al. 2015), further supporting the theory that 

SPP possesses superior digestibility.  

4.3. NEAAs 

The larger NEAA response demonstrated by SPP (Fig. 4C, D) is potentially resultant from the 

greater glycine, hydroxyproline and proline content within SPP. (Fig 5). Although Cordeiro’s study 

did not measure postprandial NEAAs, Lees’s investigation demonstrated no difference in NEAA 

levels between proteins; the blue-whiting hydrolysate utilized in Lees’s study had much lower 

glycine and proline levels compared to the SPP used in the current study, further supporting the 

theory that the higher NEAA concentrations observed following SPP resulted from its rich glycine, 

proline and potentially hydroxyproline content. However, both MPI and SPPs reached peak NEAA 

at the same timepoint, so SPP’s rapid digestibility may have also played a part behind the large 

difference in NEAAs witnessed in the current study.  
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4.5. EAAs 

The current study demonstrated similar postprandial EAA levels between SPP and MPI 

throughout the trial (Fig. 4E). Previous research investigating postprandial levels of EAA following 

MPHs is mixed; Lees et al. (2021) demonstrated lower EAA concentrations following MPH 

consumption compared to WP; however, Cordeiro et al (2020), coincided with the current study, 

finding similar concentrations of EAA between its MPH and WP. The variation between studies 

may have been due to the different hydrolysis processes or fish species utilized when producing 

the MPHs, although future studies are required in order to determine this. Notably, the past studies 

demonstrated time-to-peak EAA was faster in MPH compared to WP (Lees et al. 2021), whereas 

the current study found little difference in time-to-peak between SPP and MPI. Despite this 

dissimilarity, SPP and MPI from the current study reached peak EAA levels at the same timepoint 

as the MPH used in previous investigations (30min, Fig. 4E), suggesting the WP used in the past 

studies may have had lower digestibility. Although, digestibility was not directly measured in the 

current or previous studies and due to the smaller sample sizes used in the previous 

investigations, it is difficult to determine if the contrasts observed are due to lack of statistical 

power or differing digestibility.  

The results in the current study demonstrate SPP produces the same level of EAA concentrations 

as the commercially available MPI, despite possessing lower EAA content (SPP: 30.31%, MPI: 

43.80%. Table 2). SPP also reached peak EAA levels at the same time as MPI and at the same 

witnessed by WP in previous investigations (Lees et al. 2021 and Cordeiro et al. 2020). The 

similarity in EAA concentrations witnessed may have been due to a faster digestibility rate allowed 

by the hydrolyzed form of the novel SPP (Koopman et al. 2009). enabling the same level of 

bioavailability as MPI. Milk protein has been shown in previous studies to generate maximal MPS 

responses following these levels of plasma EAA acidemia (Mitchell et al. 2015). As such, the 

matched EAA response of SPP indicates potential to elicit a maximal MPS response, although 

further investigation is required to determine the stimulatory impacts of SPP on MPS. 
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4.6. Leucine  

Previous research comparing postprandial leucine levels following MPH and current gold 

standard protein supplements is mixed (Lees et al. 2021 and Cordeiro et al. 2020). This 

investigation coincided with Lees et al (2021) and found MPI produced overall greater 

postprandial leucine levels compared with SPP (Fig 4H), likely due to MPI’s substantially higher 

leucine content (Table 2). However, this potential inferiority, may not lead to anabolic differences 

between the two proteins; a previous study by Mitchell et al. 2015 showed, protein supplements 

with significantly different postprandial leucine levels, can still generate similar MPS activation, 

potentially because both proteins produced sufficient plasma leucine concentrations. The SPP 

utilized in this study, produced similar postprandial leucine levels to the milk protein used in the 

study by Mitchel et al (200µmol/L), which matched the anabolic stimulation of WP. Interestingly, 

a recent systematic review investigating the impact of dietary leucine on postexercise MPS rates 

by Wilkinson et al (2023), discovered no direct relationship between postprandial leucine 

availability and MPS responses; suggesting leucine’s impact on MPS rates may be less potent 

than the current narrative has suggested. Furthermore, a study comparing skimmed milk and beef 

by Burd et al in 2015, demonstrated that despite significantly higher leucine availability following 

beef, skimmed milk produced significantly higher MPS rates. These recent findings suggest EAA 

availability may be more important than previously thought in MPS activation, therefore, the 

matched EAA levels by SPP and MPI (Fig. 4E), alongside similar leucine concentrations to 

supplements previously shown to maximally stimulate MPS (Leese et al. 2021), further suggests 

SPP may possess high anabolic potential. Although, MPS was not assessed in this study, as 

such, further investigation is required to determine how SPP’s postprandial aminoacidemic 

responses translate into MPS activation in comparison with current high-quality protein sources.  
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4.4. Glycine, Hydroxyproline and Proline 

The current study demonstrated SPP produced significantly higher glycine, hydroxyproline and 

proline levels compared to MPI (Fig. 5). There is currently little research exploring the 

postprandial plasma concentrations of glycine, hydroxyproline and proline. However, a review by 

Ghaly et al (2013), demonstrates that the amino acid composition possessed by current MPH, 

follows suit with the SPP investigated in current study - with the majority high in concentrations of 

glycine and proline (hydroxyproline concentrations were not presented in this review), suggesting 

similar aminoacidemia responses may be observed by other MPHs, although further research is 

required to determine this. Aforementioned, MPHs are produced from waste gathered from fish 

farming, resulting in their contents being produced largely from fish bones, skin, and guts, all rich 

in collagen. Therefore, SPP’s high plasma glycine, hydroxyproline and proline contents are likely 

as a result of collagen breakdown during the hydrolysis process. Glycine, hydroxyproline and 

proline are major components of collagen, one of the key building blocks within bones, connective 

tissues, and skin. Studies have previously demonstrated EAAs do not promote collagen synthesis 

(Babraj et al. 2005), however, ingestion of glycine and proline appear to stimulate collagen 

synthesis (Vieira et al 2015 and Paxton, Grover, and Baar, 2010). In addition, previous studies in 

animals have found hydroxyproline supplementation can lead to increased growth, as well as 

muscle and collagen synthesis (Cao et al. 2022). Hydroxyproline has also been thought to be an 

important component in regulation of oxidative stress (Phang et al. 2010). Although no previous 

studies have directly examined postprandial hydroxyproline levels, the highly elevated levels 

demonstrated in the current study (Fig. 5C, D) could explain why previous investigations in vitro, 

such as a study by Da Rocha et al (2018), identified reductions in inflammatory markers following 

MPH consumption; increased hydroxyproline availability, could potentially enable greater 

regulation of cellular stress. Therefore, the high concentrations of glycine, hydroxyproline and 

proline produced by the novel SPP should be investigated further, to determine its potential 



   

 

55 
 

impacts on connective tissue remodeling and adaptation alongside exercise; as well as its 

potential therapeutic impact on metabolic stress. 

4.8. Appetite  

Coinciding with previous studies (Dale et al. 2018 and Zaïr et al. 2014), little differences in appetite 

or dietary composition were observed between supplements in any measures (Fig 6 - 7). This 

data is also supported by the lack of difference between proteins in insulin levels discussed above; 

studies have shown previously, insulin is associated with short-term appetite regulation and 

satiety signals in healthy individuals (Flint et al. 2007). Little research has reported effects on daily 

fat intake, however, both supplements in the current study coincided with significant reductions in 

daily fat intake (Fig. 7D), suggesting protein consumption may aid in dietary strategies amongst 

patients with obesity; although, it is highly likely the reduction in fat consumption is rather due to 

the offerings at the ad-libitum breakfast containing relatively low-fat concentrations (Table 3). The 

breakfast contributed largely to total EI and participants may not normally purchase such food 

options.  

Both proteins demonstrated a significant short-term effect on fullness and satisfaction levels (Fig. 

6C and E); this was likely due to the fast consumption of the drinks at the start of the trial, as 

studies have found stomach fullness is the largest influencer of appetite (Mook and Votaw, 1992). 

Despite effects on fullness, similarly to a study by Zaïr et al in 2014, hunger and satisfaction levels 

did not demonstrate any significant changes throughout the trial for either protein. Although 

previous studies demonstrated high serum AA levels reduced acute appetite levels (Mellinkoff et 

al. 1956) this did not coincide with either protein trial in the current study. A longer intervention 

may allow greater scope to identify changes in habitual dietary composition and appetite 

generated by SPP consumption, as appetite levels in the current study may have been impacted 

by the lengthy overnight fast and long trial duration. Despite the lack of impact on appetite by SPP 

suggesting an inability to aid in tackling the growing obesity pandemic, it would still provide a 
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beneficial source of protein for the ageing population, in which loss of, or dysregulated appetite 

can commonly cause health challenges (Donini, Savina, and Cannella, 2003). However, it should 

be noted, that the trials in the current study only spanned over a brief period, and it is uncertain 

what effects might arise on appetite following long-term consumption of SPP. Overall, the current 

study found that the acute impact on hunger, fullness and satisfaction did not differ between 

protein sources an neither source significantly impacted on perceived satisfaction or hunger 

levels.  

Conclusion 

Overall, SPP demonstrated a superior postprandial TAA and NEAA response, alongside 

comparable EAA response to MPI. SPP’s postprandial leucine concentration was lower than MPI, 

likely as a consequence of MPI’s higher leucine content. Further investigation is needed to 

determine if SPP’s postprandial plasma leucine and EAA response can robustly stimulate MPS 

comparable to MPI and other high-quality animal-based proteins. In addition, SPP’s high 

postprandial glycine, hydroxyproline and proline levels demonstrates potential beneficial 

properties for collagenous tissues, prompting additional investigation into SPP’s impact on 

collagen synthesis and populations with compromised connective tissues such as the elderly. 

Accompanied by a lack of satiating differences between proteins, SPP has shown great promise 

for further investigation as a future sustainable high-quality protein source. 
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