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Abstract

This thesis examined rested postprandial plasma branched-chain amino acid (BCAA) responses
after ingesting Greek yogurt (GY) and skim milk (Milk).  Utilizing a cross over design, 10
healthy males consumed isonitrogenous boluses of GY and Milk (20 g protein each) at baseline
and 60 minutes.  Blood was collected at baseline, 30-, 60-, 90-, 120-, 180- and 240-minutes.
Leucine, and total BCAA concentrations, maximal concentration (Cmax), time to maximal
concentration (Tmax), and total area under the curve (tAUC) were assessed.  Significant
interactions demonstrated that GY ingestion elicited higher leucine concentration at 60- and 120-
minutes and BCAA concentrations at 60-, 90- and 180-minutes vs. Milk.  GY exceeded Milk for
leucine and BCAA Cmax, with no differences for Tmax.  Leucine and BCAA tAUCs were greater
for GY vs. Milk. These data demonstrate that GY elicits a greater blood leucine/BCAA response
compared to Milk over 4 hours.
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CHAPTER 1:

1.1 Introduction

Protein is an essential nutrient that drives tissue protein synthesis throughout the body (1,2).

Among tissues, human skeletal muscle is receptive to protein feeding, as illustrated by elevations

in muscle protein synthesis (MPS) following protein consumption (3–5).  Prior to initiating a

muscle synthetic response, dietary protein must be digested into its constituent parts and

absorbed as amino acids (AAs) before becoming bioavailable (in the blood stream) for tissue

utilization (6,7).  Consequently, analyzing the AA digestion and absorption kinetics of a

multitude of popular dietary protein sources could aid in establishing the practical anabolic

application of these products.

A variety of protein sources can be consumed and utilized to stimulate MPS including;

wholefood animal proteins (e.g., beef, eggs, dairy) (8–12), plant-based proteins (e.g., soy, wheat,

rice, potato and corn) (13–18) and isolated protein sources (e.g., whey and casein) (19–22);

however, each offer slightly different and thus unique AA digestion and absorption kinetic

responses (10,22–24) which are based on individual properties of the protein food/isolate.

Amidst these sources, dairy products such as milk, yogurt and cheese render a combination of

high quality proteins (whey and casein) that have top scores on the digestible indispensable

amino acid score (DIAAS) scale (25–27).  After consumption, whey stimulates MPS and whole

body AA oxidation more than casein, in part, because of the faster rate of the appearance of

essential AAs in circulation, namely leucine, following whey consumption (23).  Although

leucine is contained in both whey and casein, whey has a greater amount per a given volume of

protein than casein (28,29). This is likely because a bulk of the whey component in milk consists
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of β-lactoglobulin (β-Lg), a soluble protein that limits interaction with the acidic gastric

environment, resulting in a more intact appearance in the upper jejunum, where pancreatic

proteases act quickly to begin breakdown (30).  Thus, due to its much faster appearance in the

small intestine (SI), and its quick SI breakdown, whey results in a rapid AA absorption and AA

appearance in circulation (30). On the other hand, casein protein shows a slower/dampened but

more prolonged plasma AA profile that may reduce muscle protein breakdown beyond the initial

postprandial period because it facilitates a more sustained uptake of essential AAs at the muscle

due to its delayed appearance in the circulation (23).  The delayed postprandial response has

been attributed to casein curdling when exposed to acidic gastric conditions which requires

greater time for protein hydrolysis and thus slower transit time (22,30).  Further, among casein

types, micellar casein (found in dairy protein), is a less soluble protein form that contributes to

this delayed plasma AA bioavailability compared to processed caseinate forms such as sodium

caseinate, potassium caseinate and calcium caseinate (processed in a laboratory/factory), which

are more soluble, and display a greater plasma AA appearance (22,31).

With a protein composition of ~80% casein to ~20% whey, milk is a popular dairy product

that has been commonly shown to enhance MPS in a variety of different contexts, including

healthy, young, trained and untrained individuals (10,11,32–34).  Typically, studies involving

acute protein metabolism and MPS responses also detail the postprandial AA kinetics as

secondary outcomes to inform their results. Milk is often compared in these studies to other

protein sources such as protein blends (whey, casein and soy), soy beverage, beef, eggs and

cheese at rest (24,35–37) and after resistance exercise (RE) (10,32,33,38).  Following ingestion,

milk displays measurable increases in AAs, essential AAs (EAAs) and leucine within a range of

20-45 minutes after consumption, and remains elevated above baseline concentrations toward
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later postprandial timepoints (120-300 minutes) (24,35).  This initial elevation, and prolonged

delivery of AAs after ingestion likely reflects the combination of its constituent proteins, whey

and casein, as both together would contribute to the initial and sustained rise of milk’s AA

response. Indeed, milk has been shown to stimulate MPS with RE acutely, and increase lean

body mass and strength with resistance training (RT; chronically) in both male (32,33) and

female (34) populations, younger (32–34) and older (39–43) at protein dosages ranging from 15-

40 g.

Apart from milk, the majority of other dairy products exist in semi-solid or solid food forms

that may influence the postprandial gastrointestinal digestion and absorption of macronutrients,

including protein (44).  Greek yogurt (GY) has become increasingly popular as a dairy food

owing to its dense micronutrient profile (e.g., calcium, magnesium, vitamin D, potassium)

(27,45) and high amount of protein (predominantly casein) (46).  Yogurt also contains bacterial

cultures which may offer additional health benefits beyond milk (45,47).  Recently, our

laboratory demonstrated greater training-induced increases in strength, muscle thickness and lean

mass after daily GY consumption compared to a carbohydrate pudding of similar consistency to

GY following 12 weeks of RT in young lean males (48).  To date, this is the only randomized

controlled trial comparing GY in this regard. The postprandial plasma AA response of GY has

yet to be examined to accompany these findings.

 GY is a semi-solid, fermented food product much like regular yogurt which involves the

acidification of milk by common yogurt starter cultures; Streptococcus salivarius subsp.

thermophilies and Lactobacillus delbrueckii subsp. bulgaricus, leading to a coagulated food form

(49).  Additional processing is needed to formulate GY, which involves further straining of the

whey protein fraction, leading to a thicker, higher protein casein-based product (46).  The AA



4

kinetics of absorption of GY have yet to be studied; however, in vivo animal literature using

mini-pig models assessing the plasma AA and leucine kinetics of dairy products subjected to

gelation, such as cheese and yogurt, compared to liquid milk, revealed a more rapid and intense

increase in AA from liquid milk compared to other dairy products with gel food matrices (50).

Further, a review by Dupont and colleagues (51) comparing the plasma AA kinetics of various

simulated dairy product matrices including liquid, acid gel, stirred acid gel and rennet gel,

demonstrated that the liquid matrix had a more rapid and elevated (i.e., greater maximal

concentration [Cmax ] and time to maximal concentration [Tmax]) AA blood pattern than the gel

matrices, which showed lower yet more prolonged AA responses.  Unfortunately, area under the

curves (AUCs) were not assessed in this investigation. Worth noting, however, the stirred acid

gel (most indicative of yogurt), displayed an AA pattern intermediate and more prolonged to

milk and the other gel matrices indicating that this may be the behavior of GY (51).  Thus, the

above data provide a glimpse into the effects of dairy food processing on the postprandial plasma

AA response; however, evidence to validate these findings in humans is scarce, and non-existent

for GY.

1.2 Rationale for investigating postprandial plasma aminoacidemia

In order to induce a synthetic response in target tissues, protein must first be digested and

absorbed into AA constituents before being dispersed into circulation (1,6,7).  In recent review,

Burd and colleagues (52) highlighted the importance of measuring plasma AA availability in

addition to MPS rates to provide a complete understanding of the anabolic potential of different

protein sources.  Given that AAs, especially EAAs are the main fuel source that activates human

muscle synthetic machinery (53), and the fact AA digestion, absorption (6,7), and uptake into

skeletal muscle (54–56) all influence MPS, it is logical to speculate that the plasma AA response
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has anabolic significance.

     Currently, a bulk of the protein metabolism research involves the analysis of isolated

protein sources such as: whey, casein and soy (14,20,23,28,57).  However, the utilization of

wholefood protein sources such as animal and plant-based protein foods to augment MPS (58) is

becoming increasingly popular because the majority of the general population obtains their

dietary protein from wholefoods in meals and snacks (52).  Consequently, wholefood protein

sources, like milk, have taken a front seat in protein metabolism research (10,11,32,33,59).

Owing also to its unique combination of whey and casein protein, dairy sources may induce an

advantageous postprandial aminoacidemic response compared to other wholefood protein

sources.  For example, milk post-exercise promotes a more sustained rise in plasma AA

concentration over an absorption period of 4 hours compared to an isonitrogenous soy protein

beverage (18g of protein in each) (32).  When comparing milk to other wholefoods such as beef

(30g of protein in each), data show a more rapid peak in blood AAs after milk consumption;

however, a greater amplitude (Cmax) of aminoacidemia after beef consumption (10).  Despite

these varying kinetic responses between protein wholefoods, acute milk consumption augmented

myofibrillar MPS to greater extent than soy (32), but similarly to beef over a 5 hour duration

(10).  Together, the above findings reveal milk to exhibit different and favourable postprandial

plasma AA patterns that could pose anabolic significance with respect to MPS when comparing

to other dietary proteins.  It is possible that GY would demonstrate an intermediate response

between milk and beef given its AA content and concentration (similar to milk and beef) and its

semi-solid consistency (i.e., between milk and beef). A solid food generally takes longer to

digest than a liquid food.
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Noting these findings in response to milk ingestion, it is prudent to investigate other dairy

products like GY. Although yogurt is a dairy wholefood, it does have different textural and

nutrient properties/constituents compared to milk.  In response to our laboratory’s recent

investigation demonstrating that the post-resistance exercise consumption of GY compared to a

carbohydrate pudding induced lean mass and strength gains in 12 weeks (48), a commentary was

published in the Journal (Frontiers in Nutrition) alongside our paper. In this commentary,

researchers acknowledged our novel results and called for further analyses of GY because of its

unique wholefood matrix (60).  Further, assessing the blood AA patterns (postprandial

concentration and duration) of these popular dairy foods, will help to establish the effectiveness

of high protein, fermented milk products in addition to regular milk in an anabolic context (60).

These were cited as important areas for future research in the commentary and lend further

credence to our research herein. Given this direction, this thesis endeavoured to assess the

postprandial AA responses of GY and milk within the same individuals using a cross-over

design.  It is evident that both GY and milk are nutrient-dense dairy foods that contain high

quality protein with a complete spectrum of EAAs (26,27,61).  However, due to the potential

subtle differences in the ratios of whey to casein (GY is more casein-based) (46), along with

their unique food matrices (GY is semi-solid and fermented) (45), the plasma AA response and

delivery of nutrients from GY may differ to milk.

1.3 Rationale for investigating postprandial insulinemia and glycemia

  Blood metabolites such as insulin and glucose are commonly measured in analyses of

acute protein metabolism due to the effects they have on muscle tissue (62–64).  Postprandial

increases in insulin after protein consumption may benefit the MPS response by allowing the

AAs to get into skeletal muscle quicker. That is, insulin may be helping to drive AA uptake
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(62,64). However, in order to further enhance MPS, a synchronous elevation in muscle blood

flow is necessary (62,63), which can be achieved through exercise. Additional research suggests

that rises in circulating insulin are loosely associated with the stimulation of MPS and are rather

more permissive in conditions of enhanced aminoacidemia (65,66).  It is more likely that

increases in circulating postprandial insulin during exercise recovery better serve to facilitate an

anabolic environment by limiting muscle protein breakdown (thus contributing to net synthesis)

(65,67), which plays an essential role in muscle tissue remodeling (58).  Dairy products are

considered to be insulinogenic (68,69).  They contain a full complement of EAAs, especially

branched-chain amino acids (BCAAs), that trigger insulin release from pancreatic beta cells

(68,69). This aids in attenuating muscle protein breakdown and maintaining an anabolic

environment (58,65).  Accordingly, examination of the postprandial insulin response is necessary

to further compliment the circulating AA response pattern following consumption of different

protein foods.  The examination of insulin in combination with AAs has yet to be assessed with

GY.

Examining the postprandial blood glucose response in studies of protein metabolism is

also important due to the fact that skeletal muscle, by virtue of its mass, is the largest site for

glucose uptake, metabolism and storage in the human body (70).  Although the current

investigation involves a healthy, young population, assessing the acute postprandial glycemic

(and insulinemic) responses of different (predominantly) protein wholefoods may highlight their

capacity to regulate postprandial glucose homeostasis (71), and could ultimately provide context

regarding their utility in populations with metabolic diseases.  Research has investigated the

postprandial plasma responses of insulin and glucose following the consumption of wholefood

dairy products such as milk and cheese in mixed meals (24,68); however, only 2 studies, carried
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out in heterogenous samples of people (young, old, men and women together), compared a single

dairy food like GY to other dairy products (with varying protein contents), such as skim milk

(72,73). Given the lack of specificity in the participant samples (72) and the varying dosages of

protein within the dairy products (73), further examination is needed to assess these outcomes in

a single population with isonitrogenous protein servings using a crossover design.  Consequently,

this thesis was designed to assess the effects of isonitrogenous doses of plain GY and skim milk

on the postprandial plasma insulin and glucose responses in healthy young men.
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1.4 Literature Review

1.4.1 Amino Acids (AA)

Dietary proteins are broken down into their amino acid (AA) constituents that are

considered a critical tool for creating and sustaining muscular tissue across the lifespan (53,74–

76).  Twenty AAs are utilized by the body to synthesize protein, each unique in structure and

sequence, which is essential for their functional capabilities (77).  AAs can be further categorized

into essential amino acids (EAA), which the body is incapable of synthesizing and are therefore

obtained through diet, and non-essential amino acids (NEAA), which are synthesized by the

body (77).  With respect to MPS, research has established that an ensuing response is indicative

of EAA administration, whether it is through infusion (6,78) or feeding (53,74,79,80).  After an

infusion of mixed AAs, Bohe et al. (6), demonstrated that plasma increases in EAAs of 50-80%,

corresponded to similar increases in MPS.  To better showcase the anabolic utility of EAAs,

Volpi et al. (53) demonstrated that lower doses of EAAs can elicit a comparable increase in MPS

to those of a higher dose balanced AA meal.  In particular, ingesting 18 g of EAAs compared to

40 g of total AAs (EAA [18 g] + NEAA) induced similar MPS responses among groups of

healthy elderly individuals (53).  Given the non-additive effects of the NEAAs, these data

confirm that EAAs are the primary drivers for activating MPS (53).

Further, among the EAAs, in vivo and in vitro research has established that the branch-

chain amino acid (BCAA) leucine has significant anabolic effects on MPS stimulation (81–84).

After feeding young and elderly individuals 7 g of EAA with either 1.7 or 2.8 g of leucine,

Katsonos et al. (82) found that the additional leucine was able to induce MPS to a greater extent

in elderly but not young individuals.  Additional investigations have assessed the anabolic utility

of leucine by combining it with suboptimal doses of protein in comparison to optimal doses of



10

protein (80,85).  Churchward-Venne et al. (80) found that combining a high dose of leucine (5 g)

with 6.25 g of whey protein, was able to elicit similar rates of MPS compared to a 25 g dose of

whey protein (3 g of leucine) in healthy young adults.  Later, the same authors demonstrated that

leucine (3 g) combined with 6.25 g of whey protein, shows similar rates of MPS to a 25 g dose of

whey protein (also with 3 g of leucine) (85).  The above studies demonstrate collectively, the

importance of leucine for the stimulation of MPS.

1.4.2 Amino Acid Digestion and Absorption

The stomach and small intestine are essential organs for protein digestion and subsequent

absorption (86).  However, prior to gastric and small intestine activity, the protein bolus is

mechanically broken down by mastication, then it is swallowed and shuttled down the

gastrointestinal tract (87,88).  Once in the stomach, the protein is exposed to gastric proteases

(pepsin), secreted by gastric chief cells, and hydrochloric acid through mechanical churning,

which provides further protein breakdown (86,88–90).  Gastric emptying rate into the small

intestine (duodenum) is highly indicative of the above process (88,89,91).  The products of

gastric digestion are then emptied into the duodenum of the small intestine, where protein

digestion continues, through proteolytic enzymatic activity from the pancreas (86,90).  In

particular, the pancreatic protease trypsinogen is activated by an enterokinase enzyme secreted

by intestinal mucosal cells and converted into trypsin, which in turn, activates additional

pancreatic proteases chymotrypsin and carboxypeptidase, all working to break down the protein

constituents into smaller AA fragments and peptides (oligo-, di- and tri-peptides) (86,88,90).

Further activity of aminopeptidases secreted by intestinal mucosal cells work to break down

these oligopeptides into smaller peptides and free AAs, allowing for enhanced intestinal

absorption (86,90).
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Figure 1. Schematic of protein digestion and absorption.  AAs (amino acids), Sodium dependent and independent
AA transporters, PEPT1 (di/tri peptide transporter), Pancreatic proteases (trypsin, chymotrypsin and
carboxypeptidase) and intestinal brush border peptidase.  Adapted from Goodman et al. (90).

Once broken down, AAs and small peptides in the lumen of the duodenum and jejunum

must undergo absorption in order to enter the blood via intestinal transporters (86,90).  Typically,

in order to effectively pass through the intestinal enterocytes, AAs require membrane proteins

(AA transport systems), to move through the intestinal brush border (86,90).  AA transport

systems vary in function (facilitated diffusion or secondary active transport) and in the types of

AAs that cross these membrane proteins, which is dependent on the structural AA components

(86,90). For example, neutral AAs such as the BCAAs, tend to migrate toward intestinal

membrane proteins that utilize secondary active transport (Na+ dependent), leaving the intestinal

epithelial cell across the basolateral membrane via facilitated diffusion (Na+ independent)

(86,90). Though numerous transport systems are involved in AA delivery and departure from

intestinal cells, sodium dependent/independent transporters perform the bulk of intracellular AA
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transport (90).  Conversely, small peptides (di/tri and oligopeptides) utilize a different form of

transport system for intestinal absorption known as the di/tri peptide transporter (PEPT1) (90).

AA peptides cross the intestinal brush border via PEPT1, and some are further hydrolyzed by

intracellular peptidases prior to being shuttled into the blood via Na+ independent transporters

(90).  Coupled with peptide transport across the intestinal brush border is an electrochemical H+

gradient, removing H+ from the intestinal cell in exchange for Na+ (90,92).  Na+/K+ ATPases

work to remove the sodium across the basolateral membrane in exchange for potassium, while

AA fragments are absorbed into the blood (90,92).

1.4.3 Protein Quality

Protein quality can be assessed predominantly by utilizing these two estimation methods:

the protein digestibility corrected amino acid score (PDCAAS) and the digestible indispensable

amino acid score (DIAAS) (25).  PDCAAS utilizes total tract fecal digestibility in rat models to

exemplify EAA efficiency in the body, whereas for DIAAS, true ileal digestibility (digestion to

small intestine) in pig models is taken into consideration, incorporating the indigestible AA

content within protein sources (25).  Though both estimation methods depict the protein quality

of food sources, DIAAS is more commonly accepted given that the bulk of true protein digestion

occurs in the small intestine (25,86,90).  When referring to protein quality, it is evident that

animal-derived protein sources render a greater DIAAS compared to plant proteins, strictly based

on the abundance of bioavailable EAAs offered, in which most plant protein sources lack.

Among animal-derived protein, dairy proteins such as whey and casein are the highest quality

proteins, offering DIAAS of 1.07 and 1.09, respectively (with 1.00 being the high reference

score) (52,93,94).  Given bovine milk is composed of a combination of whey and casein, it offers

a DIAAS of 1.16, posting as one of the highest quality protein sources among animal and plant
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derived proteins (95).  Like milk, other dairy products are also comprised of these high-quality

proteins.  Table 1 depicts the DIAAS and PDCAAS for a wide range of animal and plant-derived

isolated and wholefood protein sources.

Table 1. DIAAS and PDCAAS for isolated and wholefood animal and plant-derived protein sources.
Animal-
products

DIAASa PDCAAS
(nontruncated)b

Referencesc Plant-
products

DIAASa PDCAAS
(nontruncated)b

Referencesc

Goat
milke

1.24 (95) Soya
floure

0.89 0.98 (93)

MPCe 1.20 1.0 (1.21) (93) SPIe 0.84 0.93 (93)

Cow
milke

1.16 (95) OPCe 0.67 0.69 (96)

WMPe 1.16 1.0 (1.16) (95) Pease 0.65 0.79 (97)

Porke 1.14 1.0 (95) PPCe 0.62 0.75 (93)

WE, Be 1.13 1.0 (1.05) (95) CKBf 0.59 0.65 (98)

Beefe 1.12 1.0 (1.14) (97) Cooked
peasf

0.58 0.60 (98)

Sheep
milke

1.09 (95) Cooked
rolled oatf

0.54 0.67 (98)

Caseine,f 1.09 1.0 (1.2) (94) Ryee 0.48 0.59 (95)

Chicken
breaste

1.08 1.0 (1.01) (95) Barleye 0.47 0.59 (95)

WPCe 1.07 1.0 (1.07) (93) Wheate 0.45 0.50 (93)

SMPe 1.05 1.0 (1.12) (93) Roasted
peanutsf

0.43 0.51 (98)

WPIe 1.00 0.99 (93) RPC 0.37 0.42 (98)

Tilapia
(fish)d

1.00 (97) Corn
cerealf

0.01 0.08 (93)

a DIAAS were calculated from the ileal digestibility of AAs. b PDCAAS were calculated from the total tract
digestibility of crude protein. c DIAAS and PDCAAS in humans, if available, growing pigs, or in growing rats.
d Human measurement. e Pig measurement. f Rat measurement.  MPC, milk protein concentrate.  WMP, whole milk
powder.  WE, B, whole-eggs boiled.  WPC, whey protein concentrate.  SMP, skimmed milk protein.  WPI, whey
protein isolate.  SPI, soy protein isolate.  OPC, oat protein concentrate.  PPC, pea protein concentrate.  CKB, cooked
kidney beans.  RPC, rice protein concentrate.  Terms of use: This work is licensed under a Creative Commons
Attribution 4.0 General license (Appendix A).  This table has been modified to present a comparison of animal vs.
plant-based protein sources with ascending DIAAS.  This table was adapted from Burd et al. (52).
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1.4.4 Dairy Protein

Dairy products can be classified as ‘functional foods’ due to their nutrient-rich

composition of protein, calcium, potassium, magnesium, phosphorus and zinc, which are

essential for the development and maintenance of the musculoskeletal system (42,99–101).  In

particular, dairy protein is composed of a combination of whey and casein, both of which are

high quality proteins (52,93) that enhance AA bioavailability (28), and ability to effectively

stimulate MPS (56,102).  Though both milk proteins display anabolic characteristics, each offer

unique gastric emptying kinetics and thus AA delivery to the periphery (23,30,103).  Overall,

milk protein has complex physiochemical properties that can be further broken down into 78%

caseins, 17% whey (12% lactalbumin, 5% lactoglobulin),  and 5% minor proteins (2% proteose

peptones and 3% non-protein nitrogen) (104).  Given that casein and whey are the predominant

proteins in dairy products, the physiochemical properties of these proteins will be addressed in

further detail herein as they pertain to digestion and absorption. Within the milk complex, casein

protein has a micellar form, which details a large fragmented, open structure that is insoluble in

acidic conditions (low pH) (105,106).  Owing to this, casein tends to coagulate under gastric

conditions, due to a combination of interactions with gastric HCl, pepsin, and the low pH (107)

(Figure 2). This results in a longer gastric retention time and thus delivery of AA to the blood

plasma (23,30,108). Contrary to casein, whey protein exists within a tight, globular form, which

is soluble in acidic conditions (105,106).  When exposed to gastric conditions, whey protein

tends to resist proteolytic activity by HCl and pepsin (107,109), moving intact through the

stomach into the small intestine, where it is rapidly digested causing a quick delivery of AA into

the blood plasma (23,30).
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Figure 2. Schematic of casein and whey gastric digestion.  A) Casein is gathered in micelles, with k-casein on the
surface. Whey is gathered in a compact globular structure.  B)  During gastric digestion, pepsin is secreted and there
is a reduction in pH.  Pepsin interacts with k-casein on the surface of micelle, breaking the bond between
caseinmacropeptide and para-k-casein.  Whey is soluble during gastric conditions, resistant to gastric protein
breakdown and remains intact.  C) Casein micelle destabilization leads coagulation while whey remains intact.
Adapted from Mulet-Cabero et al. (106), Wang et al. (107) and Reddy et al. (109).

1.4.5 Postprandial plasma aminoacidemia following dairy protein consumption

The postprandial plasma AA profile of dairy proteins is highly indicative of the

physiochemical structure of the proteins (23,30), the protein amount administered

(21,43,110,111), and the food matrix it exists in (36,52,112).  Isolated dairy proteins (casein and

whey), have been investigated within this context, quite extensively

(14,20,23,28,36,57,103,113).  For example, feeding studies in healthy young men comparing

whey and casein at dosages of 30-43 g, illustrate greater peak concentrations (Cmax) of leucine

from 0-2 hours following whey consumption (~205-290%) compared to casein (~40-90%)

(23,103).  Interestingly, casein demonstrated greater leucine concentrations ~5 hours following
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consumption (i.e., at a later timepoint), relative to whey (23,103).  Similarly, research has

demonstrated greater initial increases (30-90 minutes) in plasma leucine and EAAs after

consumption of isonitrogenous 20 g boluses of whey compared to casein in both young (male

and female) (14,113), and older men (20,28); however, no between condition differences were

evident after 120 minutes (14,20,28,113).  More recently, Traylor and colleagues (57) compared

an isonitrogenous 25 g dose of whey and casein in young healthy men, finding whey protein to

render a Cmax  of 1.54x, 1.33x and 1.31x greater than casein, for plasma leucine, BCAA and

EAAs, respectively.  These results were replicated in elderly men who consumed 25 g of various

dairy protein sources (whey, casein, milk, yogurt and cheese), with whey protein showing a Cmax

1.4x greater than that of casein, reaching peak concentrations around 65 minutes as opposed to

117 minutes (36).  In contrast, contradictory evidence exists, suggesting little to no differences

among isolated dairy proteins in postprandial aminoacidemia (114,115).  In these investigations,

whey protein was compared to modified caseinate forms (115) and casein hydrolysate (114),

both showing similar AA AUC’s to whey protein.  These findings relate to the fact that modified

caseinate protein (as opposed to micellar casein found naturally in dairy) is soluble in the

stomach and displays a more rapid increase in postprandial blood AAs that more closely mimics

whey (31).  A recent investigation by Trommelen et al. (22) supports this notion after showing

modified cross-linked sodium caseinate to have a greater postprandial BCAA, EAA and total AA

response compared to micellar casein and calcium caseinate. These findings suggest sodium

caseinate acts differently from micellar casein (22,31), and sheds light on the importance of

physiochemical protein structure and its utility in relation to protein metabolism research

(58,111).
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Milk is a widely investigated dairy product due to its advantageous composition of both

slow and fast protein constituents (35,58,111).  However, it is important to note that the

postprandial behavior of these dairy protein constituents may vary within the different food

matrices in which they reside (116).  To further explain, Churchward-Venne et al. (116)

demonstrated greater plasma leucine concentrations after feeding healthy elderly men a 25 g

dose of isolated micellar casein + water compared to micellar casein + bovine milk serum (i.e.,

casein + other milk-containing nutrients including carbohydrates).  Isolated casein exceeded the

casein + bovine milk serum condition from 30-180 minutes (116) indicating that additional

matrix components (i.e., nutrients like carbohydrates), could attenuate postprandial

aminoacidemia.  When comparing postprandial plasma aminoacidemia (EAA, BCAA and

leucine) after two isocaloric doses of milk and whey protein (matched for protein-20 g, fat-6 g

and carbohydrate-40 g), consumed at 0 and 120 minutes, Hamarsland et al. (117) found whey to

exceed milk for EAA, BCAA and leucine from 45-75 minutes, then again from 160-200 minutes.

Data from Wilkinson and colleagues (32) incorporating acute RE and post-exercise protein

supplementation (18 g), showed that skim milk increased TAA by 39% compared to baseline at

30 minutes, exceeding an isonitrogenous soy beverage, which exhibited a 26% change at the

same postprandial timepoint. Hartman and colleagues (33) found milk to show a 26% and 50%

change in plasma leucine and EAAs, respectively, after 60 minutes, with no difference when

comparing to the soy condition.  This may relate to the fact that milk contains whey protein, and

soy beverage similarly contains fast-absorbing soy proteins so they may share similar kinetics

and they are both liquids (14).  Despite similar plasma kinetics between whey and soy, the fate of

their AAs in the periphery have been shown to be different, whereby whey AAs preferentially go

to muscle (35,118), while soy AAs are preferentially used for splanchnic (gut) protein turnover.
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This finding was demonstrated using stable isotope tracer methodology (119,120). Additional

research by Burd and colleagues (10) demonstrated that 30 g of protein from skim milk can

rapidly deliver plasma leucine in as quick as 30 minutes, exceeding an isonitrogenous dose of

beef which did not reach maximal AA concentrations until 90 minutes. This timing may relate to

milk being liquid and beef being solid.  Beef also showed a greater plasma AA bioavailability

(64%) compared to milk (57%), and a more elevated leucine response (277%), compared to milk

(231%) (10).  The latter finding by Burd et al. (10) seems appropriate, given that beef has a

higher DIAAS compared to skim milk (1.12 vs. 1.05) (52,93,97).  Interestingly, rates of MPS

reflected the postprandial AA bioavailability, with milk eliciting a greater response initially (0-2

hours), though no differences were apparent over the entire 5 hour protocol (10). Within the

dairy matrix and other wholefood protein sources, other macronutrients exist, such as fat, which

could also influence protein kinetics (121).  In particular, Horstman et al. (36) explored the

postprandial serum EAA response following consumption of 694 mL (25 g protein) of low-fat

milk compared to full fat milk in elderly men, finding the low-fat condition to display a more

rapid (51 vs. 91.4 minutes) and greater maximal concentration of EAAs (1.61 vs. 1.42 mmol·L-1)

compared to the full fat milk.  In contrast, Elliot et al. (11), found no differences when

comparing blood AA concentrations (phenylalanine and threonine) among 237 g of fat-free milk

and whole-milk.  The latter finding could be a result of the overall small doses of protein (8 g)

and fat (8.2 g vs. 0.6 g) administered (11), compared to Horstman et al. (36), which provided a

25 g protein bolus with 0.6 g fat (low fat milk), compared to 25 g protein with 25 g fat (full-fat

milk).  Therefore, the above findings demonstrate that fat could have an effect on postprandial

aminoacidemia.
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 The form in which milk protein exists (i.e., milk protein concentrate-MPC or milk

protein isolate-MPI) also affects postprandial AA kinetics.  MPI (35,108) and MPC (59,111) are

both essentially processed skim milk that is mainly casein and whey, with minimal other

nutrients (122,123).  In a study by Lacroix and colleagues, compared to isolated casein (23 g-

protein), MPI displayed a greater maximal BCAA concentration during the initial 2 hour

postprandial period, returning to baseline concentrations and below casein by 4 hours (108).

When compared to soy protein, the elevated response of MPI was dampened (33% vs. 56%),

with soy showing a greater maximal BCAA concentration during the first 2 hours, and MPI

exceeding soy at the 4 hour timepoint (35).  As mentioned above, this initial elevation, and

prolonged delivery of AA to the plasma can be attributed to the combination of fast and slow

proteins in MPI (122).  Research assessing MPC typically displays a similar response to MPI,

with rapid spikes in leucine (158%), phenylalanine (61%) and threonine (110%) 30 minutes after

bolus consumption (59).  These leucine, phenylalanine and threonine spikes remained elevated

34%, 15%, 52%, respectively, above baseline values at 300 minutes (59).  Interestingly, this

rapid yet sustained elevation in postprandial AAs led to a 2.9% incorporation of AA into the

muscle from 0-120 minutes, and an additional 4.2% from 120-300 minutes (59).  The above

response has been compared to isolated whey and casein with MPI/MPC demonstrating an

intermediate blood AA pattern to whey (with whey being the greatest), and casein with the

lowest blood AA delivery pattern (111,124).  In recent review by Gorissen et al. (111), when

assessing plasma AA appearance (%), whey tends to exceed MPC from 60-120 minutes, with

MPC having a more elevated response from the 240-300 minute timepoints (111).  Taken

together, evidence suggests that milk (and MPI, MPC) offers a rapid, yet sustained release of

dietary AAs, a response that could be driven by the unique protein composition of its casein and
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whey constituents.  The underlying question then becomes: can other dairy products with similar

protein constituents yet different food matrices (e.g., GY), elicit a similar postprandial plasma

AA response?

  Numerous studies in animal models (50,51,125,126), and humans (36–38,127–130)

have been carried out assessing the postprandial AA patterns following the consumption of milk

and other solid dairy food structures (i.e., cheese and yogurt-like semi-solid foods).  However,

there are currently limited data assessing fermented dairy products, including Greek yogurt

(36,126,129).  Barbé et al (50) studied the postprandial plasma AA response in mini-pigs after

feeding a gelled vs liquid milk structure, demonstrating a more profound and rapid increase in

plasma leucine concentrations from the liquid compared to gel matrices (205% steeper slope).

Another study by the same group demonstrated marked differences in AA kinetics between

different dairy gel types; acid gel (yogurt-like) and rennet gel (cheese) (125). They found similar

times to peak concentration of 60 minutes for both sources, but 55% greater EAA concentrations

in the acid gel condition compared to the rennet gel condition, which remained elevated 420

minutes after ingestion (125).  Dupont et al. (51) conducted a review on the above studies

concluding that liquid skim milk reached higher leucine concentrations initially, but stirred gels

(yogurts) demonstrated more prolonged responses.  Thøgersen et al. (130) investigated the

effects of dairy food structure (cheddar cheese, homogenized cheese, micellar casein isolate +

cream [MCI drink] or MCI gel) on postprandial blood BCAA in healthy young men.  The

authors found no difference in AA kinetics (leucine and BCAA) between the MCI drink

compared to the gelled (yogurt-like) structure (130), which is different from the above animal

data (50,51,125).   Of note, the acid gels represented in these experimental models may be

different from the lactic acid fermentation process utilized to create yogurt (131), therefore,



21

caution is warranted when drawing conclusions from these studies about the AA kinetics of

yogurt.  More recently, Sumi et al. (126) found different results with fermented liquid yogurt and

acidified skim milk compared to skim milk, showing greater postprandial AA concentrations

from fermented liquid yogurt and milk at 30-60 minutes compared to the regular skim milk, yet

no differences towards the latter postprandial period (60-240 minutes).  Interestingly, the free

AA content of the fermented liquid yogurt was much greater than that of the acidified milk or

skim milk prior to consumption, which could be a result of the fermentation process (132–135).

Early investigations in healthy adult humans comparing nitrogen kinetics after yogurt vs.

milk consumption showed a delayed nitrogen gastric emptying (stomach to small intestine) in the

yogurt compared to the milk condition (127,128).  Though blood AAs were not assessed, this

delayed response and longer gastric retention time could suggest a delayed blood AA response

from yogurt.  More recently, a crossover study assessed the postprandial plasma AA response of

select free AAs using probiotic yogurt and acidified milk in young healthy men (129).  After

consuming 800 g (35 g protein) of each supplement, plasma AA levels for both showed an

elevated incremental AUC response from 60-120 minutes, which returned to baseline from 240-

300 minutes, with no between condition differences (129).  Additionally, the impact of the dairy

matrix on postprandial serum aminoacidemia was recently assessed by Horstman and colleagues

in older adults (36), in which a direct comparison between low-fat regular yogurt (not Greek) and

milk (25 g protein each) was assessed. Authors found yogurt to show a greater EAA response

(Cmax = 1.82 vs. 1.61 mmol·L-1) during the initial 30-90 minute timepoints, with no difference

from 120-300 minutes (36).  Cheese was also assessed in this study showing a dampened blood

AA response compared to yogurt from 30-120 minutes (36).  These data are contradictory to

some of the animal data (50,51,125) assessing postprandial AA responses amongst different
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dairy matrices. Most recently in younger individuals, de Hart and colleagues (37) examined the

acute postprandial AA kinetics after cheddar cheese and milk consumption (20g protein each).

The authors found milk to exceed cheese in plasma leucine, BCAA and EAA during the initial

20-60 minutes, with cheese exceeding milk from 120-180 minutes (37).  Similar findings by

Hermans et al. (38) further showcase this response among cheese and milk (30 g protein each)

after RE. Yogurt was not investigated in these studies. These data corroborate earlier work by

Barbe et al. (50) suggesting dairy existing in a solid food form displays a dampened and more

prolonged aminoacidemia compared to a liquid form.  Taken together, there is limited human

data assessing the plasma AA fate after yogurt compared to milk consumption, and no

comparative data on Greek yogurt in healthy young people; thus, this thesis aids in addressing

this gap in the literature.

1.4.6 The effects of food processing on dairy protein digestion and absorption

Most dairy products have undergone some form of processing, therefore, understanding

the effects of this milk processing in order to achieve a given dairy matrix is imperative when

addressing dairy protein digestion and absorption kinetics (44,136).  Data suggests different

dairy processing techniques/features affect the physiochemical and structural properties of

protein within these foods (136–139), which likely relates to the proteins existing in different

dairy matrices offering differential postprandial AA kinetic responses.  The following section of

the literature review discusses dairy food processing, with particular attention to acid coagulation

(gel vs. liquid dairy structures), protein structural remodeling, bacterial fermentation and pH

changes, and evidence for their effects on postprandial blood aminoacidemia.
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Figure 3: Overview of Physiochemical Mechanisms of Dairy Food Processing that affect postprandial blood
aminoacidemia.

Milk acid coagulation is a common processing technique utilized in the dairy food

industry to obtain cultured dairy products such as yogurt and cheese (140–142).  Studies

assessing yogurt and the effects that acid coagulation may have on protein kinetics are limited,

with most being carried out in growing mini-pigs (50,125,143,144).  In these studies, it is evident

that yogurt displays a slower delivery of protein from the stomach to the SI (143), thus resulting

in a reduction in AA appearance in the peripheral blood, when compared to liquid milk

(50,125,144).  More specifically, after feeding pigs yogurt or milk (18 g protein in each), Rychen

et al. (144) found significantly less protein absorbed at 60 minutes in the yogurt condition

compared to milk, with no difference among any other timepoint over the 240 minute study. This

study shows a greater initial nitrogen delivery from milk compared to yogurt; however, a similar

delivery pattern toward the later postprandial timepoints (144).  Data from Barbé et al. (50)

better showcased these differences among dairy matrices when comparing gelled vs. liquid milk,

as the postprandial plasma leucine response was greater in the liquid milk compared to gelled

matrices over a 420 minute duration.  Of note, the gelled structured utilized in this investigation
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was rennet formulated (a harder cheese gel), which was later compared by the same group, to an

acid coagulated softer yogurt gel. The acid gel displayed a much more rapid and greater

postprandial leucine response compared to the rennet gel (50,125).  To contrast, data from Scanff

et al. (145) in calves suggest that acid coagulated yogurt may resist casein coagulation in the

stomach, and thus render a faster delivery of nitrogen components from the stomach to the SI in

comparison to the milk conditions.  The latter was supported by sodium dodecyl sulphate

electrophoresis, in which intact casein from the yogurt was detected longer, suggesting little

coagulation in the stomach compared to casein in milk, which tended to coagulate and cause

protein retention (145).  Additional analyses by Scanff et al. (146) indicate that hydrophobic AAs

(Tyr, Phe, Ile, Leu, Val, Pro) may exhibit more gastric retention in milk compared to yogurt,

which may contribute to their delayed appearance in the blood. This may relate to the consistent

emptying of AAs into the duodenum after yogurt consumption and consequently, a consistently

greater stimulation of pancreatic secretions (147,148), compared to the milk conditions, which

experienced a different gastric emptying pattern (146).  In terms of human studies assessing how

acid coagulation utilized in yogurt formation may influence the rate of protein digestion, a study

by Mackie et al. (149), assessed gastric retention in middle-aged men after feeding

isonitrogenous 25 g doses of a semi-solid meal (cheese and low fat yogurt) and a liquid meal

(caseinate solution).  In this study, the liquid meal had a much faster emptying rate from 0-30

minutes; however, the semi-solid meal exceeded the liquid meal later on, from 50-70 minutes

(149).  Despite the fact that liquids empty faster than solids (150), this may not accurately reflect

the comparison of yogurt to liquid milk, given that the liquid meal was comprised of caseinate, a

processed form of casein that displays faster protein kinetics compared to milk micellar casein

(22).  In addition, the active meal was compromised of both cheese and yogurt, and research
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suggests that cheese displays a dampened postprandial AA response due to its physical structure

and rennet processing (36,51,125).  Regarding gastric protein breakdown, an in vitro study

utilizing an artificial stomach model and the same test meals with 9 gastric timepoints, found the

semi-solid matrix to undergo a greater initial (G1 and G2) and later (G7 and G8) proteolysis

compared to the liquid matrix, which had a constant breakdown across all timepoints (151).

More recent simulated gastric yogurt and milk digestion studies show rapid casein and whey

digestion in both dairy matrices from 15-30 minutes; however interestingly, yogurt displayed a

greater whey hydrolysis compared to milk (152).  The authors attribute this difference to the

lower pH in yogurt allowing for greater pepsin activity and thus protein hydrolysis (152), though,

there is limited evidence to validate this (125).  Additional data suggest the whey component in

higher viscosity dairy products (i.e., yogurt) are more easily hydrolyzed when compared to less

viscous (i.e. liquid yogurt/milk) potentially due to matrix reorganization under gastric conditions

(153).  Given that GY possesses more casein protein than whey compared to milk (as more of the

whey is removed in processing), and this casein component has been shown to be more rapidly

hydrolyzed due to matrix reorganization, food pH and gastric enzyme accessibility (152,153),

one could speculate yogurt to provide more bioavailable AAs for intestinal absorption when

compared to milk.

Further, the post-processing dairy microstructure between milk and yogurt may also

affect dairy protein digestion and absorption. Yogurt processing, in particular acidification,

causes structural modifications to dairy protein (137–139), leading to large, porous, clustered-

chained networks of casein micelles and denatured whey protein (Figure 4) (138,139,154,155).

This may affect the way in which gastric enzymes interact with the protein leading to increased

absorption and detection of AAs in the blood (152,156). Research suggests the size of these
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pores can vary based on the yogurt processing technique, with heated and higher protein yogurt

having smaller and more condensed chains (154).  Further, the size of these protein aggregate

microparticles can range from 1-800 μm (139).  In a recent review, one study found a high

protein yogurt similar to GY, to display particle sizes of ~315-520 μm, depending on the pH

level (157), and this may improve AA availability. To compare, research suggests casein

micelles in milk (that are prone to coagulation in the stomach) have a diameter of ~150-200 nm

(137).  Accordingly, this suggests yogurt protein particles may effectively pass through the ~1

mm gastric sieve pore size (158) into the small intestine at a similar rate to milk (36).

Figure 4. Schematic representation of dairy protein microstructure subjected to heat treatment and gelation
via stirred yogurt processing.  Heat treated milk may lead to loosely formed casein micelle coagulation and
denatured whey protein interaction.  To obtain a stirred yogurt structure, milk is fermented, causing loosely,
clustered protein strands in the form of set gel.  Post-fermentation pumping leads to a ruptured, fragmented
structure, followed by smoothing and cooling, that causes the protein to take on a microgel form.  Post-
processing renders a reorganized microgel protein structure.  These unique protein structures may affect the
behaviour of the protein and clot dynamic under gastric conditions. Adapted from Gilbert et al. (139), Ye et
al. (159) and Mokoonlall et al. (160).

In addition to food structure, some data indicate that bacterial cultures in fermented foods

may contribute to a more efficient/rapid breakdown of the milk-protein in comparison to the

milk-protein breakdown in non-fermented dairy (132–135). Bacterial fermentation by starter
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cultures Streptococcus salivarius subsp. thermophilies and Lactobacillus delbrueckii subsp.

bulgaricus acidifies the liquid milk into a coagulated semi-solid form (49); however, less is

known about the proteolytic function of these cultures.  Interestingly, enhanced AA profiles have

been related to yogurt production and yogurt shelf-life, leading to increased amount of certain

AAs prior to consumption (133–135).  For example, in vitro data by Beshkova et al. (133) found

a significant increase (mg·100 g-1) in leucine, valine and lysine after 168 hours of inoculation

with L. bulgaricus strain, 120x, 14x, 15.8x, respectively, in reference to the base milk.  Also,

Germani et al. (135) found yogurt shelf life to have an impact on free AA production/content.

Natural (plain) yogurt displayed a 97% increase in free AAs from prepackaging to a shelf life of

45 days.  AAs such as histidine, aspartic acid, threonine, serine, cystine, methionine,

phenylalanine and tryptophan rendered a 150% increase (135).  The above data highlight the

proteolytic effect of bacterial strains during fermentation and shelf life, potentially harvesting

more free AAs and thus enhancing bioavailability in comparison to milk (133–135).  Regarding

postprandial protein metabolism, bacterial proteolysis may improve yogurt protein digestion and

absorption (132,161).  Specifically, during in vitro digestion, Matar and colleagues (132) found a

greater AA availability of proline, alanine and valine after fermented milk digestion in

comparison to regular/unfermented milk.  More recently, a multi-strain probiotic, L. paracasei in

combination with 20 g of pea protein, was found to yield a 22%, 16% and 23% greater plasma

BCAA, EAA and leucine appearance, respectively, compared to isolated pea protein in young

healthy men (161).  The latter human in vivo finding may be specific to probiotic yogurts;

whether this proteolytic effect pertains to common yogurt starter cultures; Streptococcus

salivarius subsp. thermophilies and Lactobacillus delbrueckii subsp. bulgaricus, remains

unknown.
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Evidence for the potential effects of bacterial proteolytic activity during simulated dairy

protein digestion can be seen in findings by Lamothe et al. (162), in which greater protein

breakdown (TCA soluble protein fraction %) during the initial stages of digestion (t=0-60 min)

was demonstrated with semi-solid (GY-4 g) compared to liquid dairy matrices at different

temperatures (milk-12 g, 65 °C and 95 °C), 38.3%, 33.1% and 34.8%, respectively.

Additionally, Nguyen et al. (163) found a greater amount of smaller peptides in yogurt vs. milk

toward the end of intestinal digestion compared to the early gastric phase in an in vitro model

enhancing the bioavailability of peptides for intestinal absorption.  Given the variability of

simulated digestion models and in vivo animal models, and lack of human data, it is challenging

to draw definitive conclusions; however, the above findings suggest that bacterial fermentation

may impact protein digestion both before and after yogurt consumption.

1.4.7 Insulin and glucose responses to protein digestion and absorption

Both milk and yogurt contain nutrients that can affect the postprandial glucose and

insulin responses, including carbohydrate in the form of lactose and certain AAs that have been

shown to be insulinogenic (68,72,73).  Further, incorporating postprandial assessments of insulin

and glucose in combination with aminoacidemia serve to support the anabolic functionality of

various dairy protein sources. An investigation by Pennings et al. (28) demonstrated in healthy

older men, a more rapid insulinemia at 30-60 minutes following whey and casein hydrolysate

compared to micellar casein, yet no differences in plasma glucose concentrations between

conditions.  These differences displayed by whey and casein hydrolysate compared to micellar

casein could be a result of the enhanced delivery of insulinogenic AAs from these already

hydrolyzed proteins to the blood plasma that was not evident in the micellar casein condition

(28).  These findings align with the majority of assessments in healthy adults (men and women),
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which reveal a greater initial insulin concentration at 30-60 minutes following whey compared to

casein (18-25g protein) ingestion with no difference in glucose concentrations

(20,36,113,164,165). To contrast, an investigation in healthy young men comparing

isonitrogenous doses of whey, casein and a blend (casein+whey) found no difference in plasma

insulin and glucose concentrations (Cmax, Tmax and AUC), with spikes of 12.9 mU ·L-1 at 46

minutes for insulin and 5.5 mmol·L-1 at 99 minutes for blood glucose (57).  This lack of

difference between protein beverages could be due to their similar carbohydrate content and near

identical BCAA content, which are known to be insulinogenic in nature (68,69).  The above data

demonstrate, in some instances, that whey protein displays a greater postprandial insulin

response compared to casein, and this may be due to the differing protein kinetics, processing of

protein (hydrolyzed), and greater amount of BCAAs delivered to the blood from whey (68,69).

Some investigations have compared the postprandial insulin and glucose responses

among multiple dairy products/constituents such as yogurt, milk, cheese, and/or whey

(36,68,72,73,166).  For example, in healthy individuals, Nilsson et al. (68) demonstrated that

dairy protein sources, whey and milk, ingested in a mixed meal, showed similar peak insulin

concentrations at 30 minutes; however, whey relative to cheese (which contains more casein)

produced a more elevated response. The response between milk and cheese was similar (milk

was intermediate to whey and cheese at 30 min).  With respect to insulin area under the curve

(AUC0-90 min), a noticeable difference was observed in which whey induced the greatest AUC

with cheese and milk posing similar lesser responses to each other (68).  The differences in blood

insulin between whey and the other dairy products could be a result of whey containing a greater

amount of BCAAs that get into circulation faster compared to cheese (predominantly casein) and

milk, and the lack of difference between milk and cheese AUC could be because they both
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contain less of a whey fraction, resulting in a delayed appearance into circulation compared to

isolated whey protein (164,165).  Additional investigations of wholefoods (milk, soy beverage,

beef and eggs) and liquid protein isolate beverages (whey, caseinate and soy), revealed liquid

foods and isolated proteins to have a more elevated plasma insulin AUC0-180min compared to

solid foods (24).  Further, skim milk showed a significantly elevated insulin response compared

to other wholefoods such as beef, eggs and soy beverage at 20 minutes post consumption (24), a

result which likely relates to the AA composition and state of the food.  For plasma glucose,

liquid foods (skim milk and soy beverage) displayed greater glucose concentrations at 20-40

minutes post consumption compared to the solid foods; however, this pattern more closely

reflected the amount of carbohydrate in each wholefood, for which there is very little/none in

beef and eggs.  Literature in healthy adults (male and female) examining doses (17-19 g protein)

of regular and fermented (i.e., yogurt) milk products in a mixed meal setting (similar kcals),

found no difference in postprandial glucose and insulin over 120 minutes, both peaking around

30 minutes (166).  This response was also shown by Horstman et al. (36) in older men, in which

no differences were detected for serum glucose (5.5 mmol·L-1) and insulin (55 ± 3 mU L-1),

between low-fat yogurt and skim-milk (both 25 g protein), peaking at 30 minutes for both blood

analytes.  The above response was likely related to the lactose content within each dairy product,

further evidenced by both yogurt and milk exceeding cheese for serum insulin and glucose (as

cheese contains no carbohydrate) (36,72).  Another investigation conducted in healthy young

men evaluated the postprandial glycemic and insulinemic responses of isovolumetric servings

(i.e., equated to ~250 g) of skim milk, orange juice and different GYs with varying protein to

carbohydrate ratios (e.g., pro:carb: 2.3 [23 g pro], 1.24 [22 g pro], 0.79 [18 g pro]) (73). Results

demonstrated similar incremental iAUC0-120 min for insulin and total glucose following
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consumption of plain GY (pro:carb: 2.3) and skim milk, although, there was a greater peak in

blood glucose at 20-30 minutes with skim milk compared to plain GY, with no differences for

the remainder of the 120 min protocol (73).  Strawberry GY (pro:carb: 0.79) demonstrated a

significantly greater insulin iAUC0-120 min compared to skim milk; however, did not differ

amongst the other GY conditions and orange juice (Figure 5) (73).  No differences were reported

in terms of total serum glucose over the 2 hours; however, glucose peaks were lower in plain GY

compared to strawberry GY and orange juice (likely reflecting their carbohydrate content) (73).

Figure 5. Incremental area under the curve (iAUC) for insulin amongst GYs with varying (carb:pro), skim milk and
orange juice.  Conditions without common letters are statistically different from each other.  Reprinted from El
Khoury D, Brown P, Smith G, Berengut S, Panahi S, Kubant R,  Anderson H G. Increasing the protein to
carbohydrate ratio in yogurts consumed as a snack reduces post-consumption glycemia independent of insulin. Clin
Nutr [Internet]. Elsevier Ltd; 2014;33:29–38; Page 33., Copyright (2014), with permission from Elsevier (Appendix
B).

https://www.sciencedirect.com/science/article/pii/S0261561413000885?casa_token=oQqfLFM0gHUAAAAA:_FF_yADTGeJQwpqOg9C0vrjXl1SfnjkA9UVpOY6VIIiergq4Cl0SHpfCM9PWG_kdmwH0MzdWVA#!


32

More recently, an investigation of wholefood dairy products in healthy younger and older

adults compared GY (175 g), whole milk and cheese to a reference serving of skim milk (250

mL) and found no differences in serum insulin between milk variations and GY, but all were

higher than cheese at 30 minutes (72).  Interestingly, the insulin response for GY remained

elevated above skim milk from 30-90 minutes, while serum glucose concentrations were

significantly lower in GY and cheese from 15-45 minutes compared to the milk conditions, yet

more elevated from 90-120 minutes (72).  These kinetic differences between dairy products

could be attributed to the greater initial carbohydrate content in the milks compared to GY and

cheese (milk-13 g and -12 g vs. GY-4 g and cheese-1 g) and the concomitant insulinogenic

effects of these foods (72).  Despite these postprandial differences in insulin and glucose, overall,

iAUC for milk variations and GY was similar (72).  Collectively, the above findings suggest

minor differences in blood insulin and glucose responses between milk and GY which provides

interesting insight to the responses that may be seen in the current investigation.
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1.5 Objectives

Primary:

The primary objective of this thesis was to investigate the acute (4 hour), postprandial (i.e., fed

state) plasma BCAA (leucine, isoleucine and valine) response following the consumption of

plain GY compared to an isonitrogenous bolus of skim milk in young healthy males.

Secondary:

To investigate the acute (4 hour), postprandial (i.e., fed state) plasma insulin and glucose

responses following the consumption of plain GY compared to an isonitrogenous bolus of skim

milk in young healthy males.

1.6 Hypotheses

Primary:

We hypothesized that, relative to isonitrogenous skim milk, plain GY will induce a similar

postprandial plasma leucine and total BCAA AUC over 4 hours, but the response will be

characterized by a lower peak plasma leucine and total BCAA and a more prolonged increase

relative to skim milk.

Secondary:

We hypothesize that plain GY will induce a similar postprandial plasma glucose AUC over 4

hours, as well as insulin peak concentrations and total AUC over 3 hours compared to an

isonitrogenous bolus of skim milk.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Participants

Ten healthy, recreationally active, university-aged males (age 23.1±1.1 y; body mass

79.9±9.6 kg; BMI 25.6±2.4 kg/m2) were recruited from the Brock University (Ontario, Canada)

student population for this acute investigation.  This population was selected because it was the

same as was previously used by Bridge and colleagues (2019) (48).  Subjects were required to

have no known allergy to dairy protein and/or intolerance to lactose and were to be recreationally

active.  Upon satisfying the appropriate inclusion criteria and prior to participating in the study,

written informed consent was obtained from each subject indicating that they understood the

risks and experimental procedures associated with this investigation. This study was approved by

the research ethics board of Brock University (BREB) File #: 16-295. Data collection for this

study was carried out in the summer of 2018.

2.2 Experimental Design

The current investigation utilized an acute, randomized, within-subject (crossover)

protocol in which participants completed 2 or 3 conditions (Greek Yogurt – GY, Skim Milk –

Milk, and carbohydrate-based pudding – CHO).  All ten participants underwent the two main

trials (GY and milk separated by a one-week washout period. Five participants also underwent a

third trial of the isoenergetic carbohydrate control that was used as the control pudding in the

long-term intervention study (48). The CHO pudding trial was for proof-of-principle only and

was to demonstrate that this supplement was void of protein/AAs (hence why not all participants

did it). It was not used in the statistical analysis of the study. On experimental days, participants

arrived at the laboratory after at least an 8-hour overnight fast (no consumption of food or liquid

containing calories, water was permitted ad libitum). In addition, participants were asked to
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abstain from any strenuous exercise and alcohol consumption 24 hours prior to each

experimental trial.  Each acute experimental trial involved fasted venous blood samples taken at

baseline (0 min), 30, 60, 90, 120, 180 and 240 min.  Amongst the blood sample collections, study

supplements were ingested at two feeding points (0 and 60 min: Figure 6), to mimic the

supplement protocol of our 12-week training intervention.

Figure 6. Sample collection and supplement consumption protocol.

2.3 Supplements

On different occasions/trials, participants consumed either 2 boluses of plain GY (200 g,

110 kcals, 20 g protein, 10 g carbohydrate) or 2 boluses of skim milk (555 ml, 200 kcal, 20 g

protein, 29 g carbohydrate). Some participants also completed a third trial (n=5) where they

consumed 2 boluses of an isoenergetic (to GY) carbohydrate based semi-solid pudding (47 g,

110 kcal, 0 g protein, 28 g carbohydrate). Within each trial, one bolus was consumed at baseline

(following the first blood sample) and the other at 60 minutes. Supplements were ingested within

10 minutes. The rationale for utilizing a 200 g serving of plain GY was to provide participants

with an experimental dose of 20 g of protein at one time, which is an amount of protein reported
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to maximally stimulate MPS following exercise (4,110) and at rest (56) in young adult males.

Importantly, as mentioned above, the GY and the CHO pudding were the exact same

supplements that were utilized in Bridge et al. (48) and the supplements were provided using the

same post-exercise paradigm (split into to 2 bolus doses separated by 1 hour).  The Milk dosage

was designed to also provided 20 g protein to be isonitrogenous to the GY, and was based on

previous research (33,34).  Table 2 depicts the macronutrient and AA composition of each dairy

supplement.  The complete AA composition analysis and nitrogen determination (using the

Kjeldahl method) was conducted by an external company (Merieux NutriSciences, Markam,

ON).

Table 2. Supplement Macronutrient Composition

GY Milk

Serving size 200 g 555 mL

Total Energy (kcal) 110 200

Carbohydrate (g) 10 29.4

Fat (g) 0 0

Protein (g) 20 20

Total BCAA (g) 4.76 3.60

Leucine (g) 2.24 1.72

        Valine (g) 1.40 0.99

Isoleucine (g) 1.12 0.89

2.4 Sample Collection and Analysis

Blood samples were collected from superficial veins in the antecubital fossa utilizing a

standard venipuncture technique and BD Vacutainer Safety Lok Blood Collection Sets. Blood
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was collected into heparinized evacuated containers. Approximately 10 ml of blood was

collected at every timepoint for each experimental trial.  After collection, blood was centrifuged

at 1000 g for 10 minutes at 4 °C.  Plasma was then aliquoted and stored at - 80 °C until further

analysis upon study completion.

The quantitative assessment of plasma BCAA concentrations was conducted utilizing a

proprietary EZ:faast GC/MS analysis kit (KG0-7166) supplied by Phenomenex Inc. (Torrance,

Calif., USA).  The EZ:faast kit included a series of reagents and materials used for sample

preparation, derivatization and quantification of BCAAs in plasma.  The gas chromatographic

analysis was carried out utilizing a model 6890 GC oven (Agilent, Santa Clara, CA) coupled to a

mass selective detector (MSD) model 5975C (Agilent, Santa Clara, CA) in Dr. Stuart Phillips’

laboratory at McMaster University.  Sample preparation involved pipetting blood plasma into a

preparation vial, followed by additional pipetting of the internal standard into separate

preparation vials, different from the blood (167).  The combined sample was then pipetted with a

solid phase extraction (SPE) sorbent tip followed by a wash solution drawn through the tip (167).

AAs in combined sample were then expelled utilizing an eluting medium and then the sample

was ready for the addition of the derivatizing reagent which was added to each vial (167).  AA

derivatives were then extracted from the aqueous layer of the sample marking the completion of

sample preparation (167).  The GC/MS utilized electron impact ionization and was calibrated to

the appropriate mode as per the Phenomenex column supplied (Phenom cgo-7169ZB-AAA; 325

°C; 10 m x 250 μm x 0.25 μm).  The GC/MS system was calibrated to run a 15:1 split mode

injection at a temperature of 250 °C, with aliquots of a 2 μL portion of the derivatized sample

extract distributed into the multi-mode inlet via the autosampler.  The gas chromatography

component of the system was set at a constant pressure mode (2.9 psi), yielding a starting flow
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rate of 1.4 mL∙min-1 at an initial oven temperature of 110 °C.  The oven program reflected as

follows: 110 °C with no hold, 30 °C/min ramp to a final temperature of 320 °C and held for 1

min post run.  The transfer line to the mass spectrometer was set at a fixed value of 310 °C and

the ion source and quadrupole were set at 240 °C and 180 °C, respectively.  Total run time was 8

minutes not including the post run.  Plasma BCAAs were identified using both their retention

time and by comparison of their characteristic m/z ions.  The identification and quantification

was carried out utilizing the scan mode of the mass spectrometer (45-450 mz) with analysis of

the resulting data performed with Agilent Chemstation software (E.02.02.1431), and the

provided EZ:Faast spectral database.  Unknown concentrations were determined using a standard

curve and calculations were made utilizing Norvaline (200 uM) as an internal standard.

Whole blood glucose concentrations were measured utilizing a One Touch Verio Flex

Blood Glucose Monitoring System (Lifescan Canada, Inc) at the same time the blood samples

were obtained.  A droplet of blood was taken from each blood tube during each sample timepoint

to measure glucose concentrations in the blood over the span of the 4-hour study.  The droplet

was transferred using a disposable transfer pipette onto the glucose strip which was inserted into

the Glucometer device.

For the plasma insulin analyses, a Human Insulin ELISA kit (Crystal Chem USA, Elk

Grove Village, IL) was utilized.  This insulin kit is a sandwich assay that entails the

immobilization of an antibody onto microplate wells with an HRP enzyme labeled antibody

(168).  To begin the protocol, 25 μL of sample was transferred into a microplate well.  The

sample was then be combined with 100 μL of diluent and incubated for 2 hours at a temperature

of 37°C.  The microplate was then washed, and 100 μL of substrate solution was added to the

sample.  The sample was then incubated for another 15 minutes at room temperature before the



39

microplate was washed again.  To finish the assay protocol, 100 μL of stop solution was added to

the sample.  Optical density of insulin was measured at 450/630 nm and concentrations were

determined utilizing colour intensity (168).

2.5 Statistical Analysis

All statistical analyses were conducted utilizing IBM SPSS Statistics (version 27; IBM

Corp., Armonk, N.Y., USA).  Significance level was set to P < 0.05.  The primary analyses were

carried out between the GY and Milk condition arms. The CHO condition was not included in

the primary statistical analyses (and represents a proof-of-principle analysis to demonstrate the

lack of BCAAs in the CHO supplement).  Prior to all statistical analyses, data were checked, and

normality was verified. A two-way repeated measures analysis of variance (RMANOVA) was

utilized to assess differences between GY and Milk conditions over time for plasma leucine, total

BCAAs, glucose and insulin concentration curves. Post hoc analyses (paired t-tests) using a

Bonferroni corrected p values for plasma leucine, total BCAAs and glucose (P=0.0071), and for

insulin (P=0.0083), were conducted if a significant time effect or interaction was found in the

main RMANOVA to further explore the responses within a condition over time and between

conditions at particular timepoints. The trapezoid method was implemented to calculate total

AUC (tAUC) over the 240 minutes study duration. Cmax was determined for leucine, BCAA and

insulin.  Tmax was determined for leucine, BCAA and insulin as the timepoint that corresponded

with Cmax. For leucine, BCAA and insulin, a paired t-test was used to identify differences

between GY and Milk conditions for Cmax and tAUC, and a nonparametric related samples

Wilcoxon signed ranked test was utilized to assess differences in Tmax.
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2.6 COVID-19: Implications on Research

 The initial AA data analysis was completed by J. Brown in the late Fall/early Winter of

2019/2020 in collaboration with Dr. Stuart Phillips, Todd Prior (senior research associate) and

the Exercise Metabolism Research Group (EMRG), Department of Kinesiology, McMaster

University. However, some of the data were not appropriate to utilize because of unforeseen

technical difficulties and issues with the GC/MS system at McMaster. In consultation with Dr.

Phillips and Mr. Prior, data for some AAs were deemed unusable. Given these issues, it was

decided that we would try to re-analyze the data once the machine was fixed. Then the first

COVID-19 pandemic lockdown happened (March 2020) and we were unable to reanalyze any of

the remaining samples we had. Unfortunately, since then, the lab at McMaster has remained

closed to outside users/collaborators, and as such, we have been unable to continue with the re-

analysis of our samples.

Consequently, and since the closure, we evaluated the BCAA (leucine, isoleucine and

valine) data as they were suitable and usable in most participants. Thus, this thesis presents pilot

AA data for BCAAs from GY and Milk, as well as their respective insulin and glucose

responses.
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CHAPTER 3: RESULTS

3.1 Participants

Ten participants were randomized to this acute crossover trial, all completing both

experimental arms of the study.  Due to technical difficulties with the GC/MS system, BCAA

data for 3 participants were deemed unusable.  Consequently, postprandial BCAA data from 7

participants were analyzed.  Plasma insulin was analyzed from the remaining samples after the

primary AA analysis.  Due to a lack of remaining sample from some participants, 7 participants

were incorporated in this insulin analysis.  Three of these 7 participants had 1 or more missing

data points, 2 from the GY trial and 1 from the Milk trial.  Missing data points for individual

participants were replaced with the timepoint condition mean.  Condition means were added to 1

timepoint for one GY participant, and 2 timepoints for another GY participant, and to 2

timepoints for one Milk participant.  Glucose data were collected and analyzed from all 10

participants, with no missing data.

3.2 Plasma Amino Acid Concentrations (Leucine and BCAAs)

Figures 7 and 8 depict the plasma leucine and total BCAA (leucine, isoleucine and

valine) concentrations following the consumption of both GY and Milk, respectively. According

to the main RMANOVA, there were significant main effects of time (P<0.001), condition

(P=0.001) and time x condition interactions (p<0.01) for both the leucine and total BCAA

responses (Figures 7 and 8).  For plasma leucine (Figure 7), the GY condition showed a

significantly elevated postprandial response above baseline concentrations, spanning 30 to 180

minutes (P<0.0071). For the Milk condition, plasma leucine was significant elevated from

baseline at 30 minutes and trended to be elevated at 90 minutes (P=0.058; Figure 7).  A similar

prolonged elevated response by GY was also evident for BCAAs (Figure 8) from 30 to 180
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minutes, and Milk demonstrated a significant increase above baseline concentrations at the 30-

and 90- minute timepoints (Figure 8).  In terms of differences between conditions at particular

timepoints, plasma leucine increased to a greater extent after GY ingestion compared to Milk at

the 60- and 120-minute timepoints (P<0.0071; Fig. 7), with no significant differences between

conditions at other timepoints.  Plasma total BCAAs showed a significantly greater response

after GY ingestion compared to Milk at the 60-, 90- and 180-minute timepoints (P<0.0071; Fig.

8).

The plasma leucine and BCAA excursions following the ingestion of the CHO pudding

supplement are also depicted in Figures 7 and 8, respectively. These results were not used in the

main statistical analysis which compared the responses between GY and Milk only. The CHO

supplement did not contain any protein (i.e., devoid of protein but isoenergetic to GY) which

supports the inclusion of this supplement as the ‘active-control’ in our previously published

exercise intervention (48).

Figure 7. Plasma leucine concentrations (μM) in a fasted state (baseline) and postprandially (up to 4
hours) after consumption of two boluses of 20 g protein as either Greek Yogurt (GY-200 g) or Milk (M-



43

555 mL). Boluses were consumed following the first blood sample at baseline and after the 60-minute
blood sample (as indicated by the red arrows). Values are expressed as mean ± SD, n = 7 per condition.
Post-hoc pairwise results are indicated using different symbols indicating significance after using a
Bonferroni correction (P<0.0071). * indicates GY condition was significantly different from Milk at 60 and
120 minutes. # indicates GY was significantly different from its baseline value from 30 – 180 minutes.  †
indicates Milk condition was significantly different from its baseline value at the 30- minute timepoint. The
dashed line indicates the response from the carbohydrate condition (n=2).

Figure 8. Plasma branched-chain amino acid (BCAA) concentrations (μM) in a fasted state (baseline) and
postprandially (up to 4 hours) after consumption of two boluses of 20 g protein as either Greek Yogurt
(GY-200 g) or Milk (M- 555 mL).  Boluses were consumed following the first blood sample at baseline and
after the 60-minute blood sample (as indicated by the red arrows). Values are means ± SD, n = 7 per
condition.  Post-hoc pairwise results are indicated using different symbols indicating significance after
using a Bonferroni correction (P<0.0071). * indicates  GY condition is statistically different from Milk at
60, 90 and 180 minutes.  # indicates GY was statistically different from its baseline values from 30 – 180
minutes. † indicates Milk condition was statistically different from its baseline values at 30 and 90 minutes.
The dashed line indicates the response from the carbohydrate condition (n=2).

Peak postprandial plasma leucine and total BCAA concentrations were significantly

greater in the GY condition compared to Milk (Cmax; P<0.05; Table 3). Time to maximal

concentration (Tmax) for both leucine and total BCAAs did not differ among conditions (Table 3).

The AUC for the entire 4-hour period (tAUC) for plasma leucine was greater after the

consumption of GY compared to milk (Table 3, Figure 9). This response was consistent for total

BCAAs, with GY showing significantly greater responses (Table 3, Figure 10).
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Table 3. Plasma Amino Acid Kinetics

GY Milk P-value

Leucine

Cmax (μmol·L-1) 372±46 255±58 0.004

Tmax (min) 90 (30) 90 (150) 1.00

tAUC (μmol·L-1·4h) 67406±12418 48506±6362 0.004

Total BCAA

Cmax (μmol·L-1) 1509±237 800±213 0.003

Tmax (min) 90 (30) 30 (150) 0.83

tAUC (μmol·L-1·4h) 273911±34135 162269±33518 0.001
Values are means ± SD, n=7 per condition for Cmax, maximal concentration and  tAUC, total area under curve;
Values are medians [inter quartile range (IQR)] for Tmax, time to maximal concentration;  BCAA, branched-chain
amino acids

Figure 9. Plasma leucine total area under curve (tAUC, μmol·L−1·4 h) over the 4-hour study period.
Values are mean ± SD, n = 7 per condition. * indicates that GY was significantly different from Milk,
assessed by a paired t-test (P=0.004).
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Figure 10. Plasma branched-chain amino acid (BCAA) total area under curve (tAUC, μmol·L−1·4 h) over
the 4-hour study period. Values are mean ± SD, n = 7 per condition. * indicates that GY was significantly
different from Milk, assessed by a paired t-test (P=0.001).

3.3 Plasma Insulin and Glucose Concentrations

Figure 11 depicts the plasma insulin concentrations following the consumption of both

GY and Milk. According to the main RMANOVA, there was a significant main effect of time

(P<0.001) for the insulin response. There was no main effect of condition (P=0.122) or

interaction (P=0.120). Post-hoc analyses reveal that plasma insulin was significantly elevated

above baseline concentrations from 30 to 90 minutes after test product consumption (P <

0.00833; Figure 11).  Both conditions returned to baseline concentrations from 120 minutes

onwards.
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Figure 11. Plasma insulin concentrations (mU/L) in a fasted state (baseline) and postprandially (up to 3
hours) after consumption of two boluses of 20 g protein as either Greek Yogurt (GY-200 g) or Milk (M-
555 mL).  Boluses were consumed following the first blood sample at baseline and after the 60-minute
blood sample (as indicated by the red arrows). Values are means ± SD, n = 7 per condition.  Post-hoc
pairwise results are indicated using symbols indicating significance after Bonferroni correction
(P<0.00833). # indicates conditions are significantly different from baseline values from 30 to 90 minutes.

There was no significant difference in the peak insulin concentration between Milk and

GY (Table 4; Figure 11), and both conditions shared a similar time to maximal concentration of

insulin (Table 4; Figure 11).  The AUC over the 3-hour postprandial period for plasma insulin

also revealed no significant differences between conditions (Table 4).

Figure 12 depicts the blood glucose concentrations following the consumption of both

GY and Milk. According to the main RMANOVA, there was no significant main effect of

condition or interaction (P>0.05), but there was a main effect of time (P=0.003). Post hoc

analyses revealed that glucose levels were significantly lower compared to baseline values from

timepoints 60 to 120 minutes after test product consumption (P<0.0071; Figure 12).  The AUC

over the 4-hour postprandial period for blood glucose also revealed no significant differences

between conditions (Table 4).
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Figure 12. Blood glucose concentrations (mmol/L) in a fasted state (baseline) and postprandially (up to 4
hours) after consumption of two boluses of 20 g protein as either Greek Yogurt (GY-200 g) or Milk (M-
555 mL).  Values are means ± SD, n = 10 per condition.  Post-hoc pairwise results are indicated using
symbols indicating significance after Bonferroni correction (P<0.0071). # indicates conditions are
significantly different from baseline values at the 60 to 120 minutes.

Table 4. Plasma insulin maximal concentration and time to maximal
concentration, and plasma insulin and glucose total area under the curve

GY Milk P-value

Insulin

Cmax (mU·L-1) 22.46±8.13 30.06±11.67 0.17

Tmax (min) 30 (0) 30 (0) 0.32

tAUC (mU·L-1·4h) 1943.16±429.07 2521.85±948.12 0.11

Glucose

Cmax (μmol·L-1) -- -- --

Tmax (min) -- -- --

tAUC (μmol·L-1·4h) 1106.85±140.19 1160.4±104.05 0.17
Values are means ± SD n=7 per condition for insulin Cmax, maximal concentration and tAUC, total area under curve
and n=10 per condition for glucose.  tAUC, total area under curve; Values are medians [inter quartile ranges (IQR)]
for Tmax, time to reach maximal concentration.
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CHAPTER 4: DISCUSSION

4.1 Overall Discussion

This thesis demonstrates that the ingestion of identical protein dosages (2 x 20 g),

through different dairy foods (GY and Milk) with different food matrices and AA contents lead

to different postprandial plasma BCAA patterns during a 4-hour experimental feeding protocol.

Our data reveal that the consumption of plain 0% fat GY renders a significantly greater

postprandial plasma leucine and total BCAA response compared to an isonitrogenous amount of

0% fat skim milk.  This investigation is the first to directly compare postprandial plasma

aminoacidemia following the consumption of commercially available GY and milk in young

healthy males.

The postprandial influx of AAs into the blood/plasma after dietary protein consumption

provides a glimpse into protein digestion and absorption, two processes that can influence the

subsequent muscle protein synthetic response (6,7).  The current investigation demonstrates that

dairy protein, existing in the semi-solid, fermented, acidic, food matrix of GY, can effectively

provide crucial EAAs (specifically leucine, valine, and isoleucine [BCAAs]) for muscle

adaptation and recovery, in the blood, to a greater extent than the more often investigated liquid

milk.

4.1.1 Plasma AA concentrations

Though the anabolic utility (i.e., ability to stimulate muscle protein synthesis [MPS]) of

these two foods was not directly assessed, our data provide an interesting look at the delivery

pattern of BCAAs to the blood stream after ingestion of different wholefood dairy products with

different food matrices. We demonstrate plasma responses for both foods that are analogous to

what others have shown to effectively stimulate MPS in healthy young men (10).  Specifically,
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Burd and colleagues (10), demonstrated that minced beef (30 g protein) displayed a greater

maximal leucine concentration compared to isonitrogenous milk (Cmax; 277 vs. 231 μmol/L,

respectively), with both stimulating MPS to a similar extent post-exercise over 5 hours.  Our data

demonstrate a postprandial leucine maximal concentration of 372 umol/L after the consumption

of 2 boluses of GY (2x20 g of protein; 25% more protein than Burd et al), which may suggest a

similar (or even greater) MPS response between GY and beef (10).  Given that the postprandial

AA response and AA bioavailability is implicated in the MPS response and muscle utilization of

AAs, our data provided important context to our recent intervention study demonstrating that

supplemental GY consumption over 12 weeks resulted in greater training-induced increases in

lean mass compared to the carbohydrate pudding (48).

When addressing blood AA concentrations among dairy products, our data is congruent

with recent work by Horstman et al. (36), who demonstrated that 532 mL (25 g protein) of low

fat regular yogurt, displays a greater postprandial AA response compared to an isonitrogenous

dose of 676 mL skim milk in healthy elderly men.  Interestingly, with a smaller serving size of

GY (200 g), we demonstrated a similar response in healthy young men, whereby GY exceeded

Milk in maximal AA concentration (i.e., Cmax). Both Horstman et al. (36) and the current

investigation shed light on the effects of the dairy food matrix and postprandial AA handling but

at different stages across the lifespan.  Also, both studies exemplify the utility of yogurt for

supplying both young and elderly populations with an adequate amount of AAs to the blood.

Indeed, elderly individuals have been shown to display dampened blood AA concentrations after

ingestion of dairy protein (111).  The current investigation displayed an elevated blood AA

appearance in healthy young men that was similar to what Horstman et al. saw in the elderly

(albeit with a much larger intake of regular yogurt) (36). Thus, when consuming wholefoods, it
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may be important to ensure that older adults consume more AAs and/or a more concentrated

source of AAs (i.e., GY) in order to achieve adequate blood AAs for metabolism and anabolism;

GY may help attenuate the effects of age-related sarcopenia (76). While protein supplementation

alone (i.e., whey protein powder) may be an important strategy for older people to ensure

adequate daily protein intakes, it is important to note that wholefood dairy products also offer

additional bone supporting nutrients which contribute greatly to enhanced musculoskeletal health

and overall diet quality compared to protein alone (27).  Nevertheless, despite age-related

differences in blood AA levels following consumption of semi-solid yogurt, both investigations

found that isonitrogenous boluses of yogurt displayed greater amounts of blood leucine, total

BCAA, and total EAA (in Horstman only) compared to skim milk (36).  The question then

becomes, what components of these different food matrices contribute to the differences in AA

delivery to the blood?

In addition to assessing the postprandial plasma BCAA concentrations following the

consumption of dairy products, we also determined the total nitrogen/protein and individual AA

content of each dairy product via the Kjeldahl method (169).  This analysis (done by an outside

company) was essential to our understanding of our results as it provides information on the

exact AA composition of each dairy product, which we used to inform the postprandial blood

response seen in the current investigation.  More specifically, within an isonitrogenous bolus of

each food, a complete AA analysis revealed that GY had a greater leucine (2.24 g) and total

BCAA (4.27 g) content compared to Milk (1.72 g and 3.60 g, respectively; Table 2).  These

findings corroborate our postprandial plasma AA responses, in which GY showed greater plasma

leucine and total BCAA concentrations overall.  It has been previously shown by Nakayama et

al. (170) that the food product AA composition reflects the postprandial plasma AA response
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following ingestion. Specifically, they investigated blood aminoacidemia after ingestion of a

whey protein hydrolysate (WPH) and an EAA mixture in healthy young men.  WPH with

varying leucine contents (3.0, 4.5 and 6.8 mmol) showed a stepwise blood leucine concentration,

and when compared to the EAA mixture (4.1 mmol leucine), the WPH with 4.5 and 6.8 mmol,

significantly exceeded the mixture for both blood leucine concentrations and tAUC over 2

postprandial hours (170).  Despite this stepwise increase in blood AA with increased leucine

concentration, using AA content as the only factor to infer AA delivery may be not accurate

since varying protein/AA formulations and matrices may play a role.  Again, looking to Burd

and colleagues (10), they found beef to display a much greater blood leucine concentration over

time compared to an isonitrogenous dose of milk, despite milk having a slightly greater leucine

content (2.71 g) compared to beef (2.48 g).  Thus, despite being composed of similar total

protein and EAA content, different protein foods render different AA bioavailabilities (52) likely

through factors and mechanisms relating to altered protein digestion and absorption (10).

One such factor is bacterial fermentation. It plays a pivotal role during the processing of

milk to achieve semi-solid acidified yogurt (49); however, extending beyond this altered food

form, is the proteolytic function of these bacterial cultures which could provide a further reason

for the enhanced blood AA response after yogurt consumption (132,152).  Indeed, bacterial

fermentation displays enhanced proteolytic activity during food processing that is further

extended during yogurt’s shelf life, leading to an increased amount of free AAs in the food prior

to consumption/digestion (133–135).  Also, the bacterial proteolytic function of GY further

contributes to the breakdown of larger casein and whey peptides into smaller di/tri peptides (i.e.,

the pre-digestion of protein) also leading to a more potent/elevated aminoacidemia (132,152).

Dong and colleagues (152) demonstrated, using an artificial stomach system, that yogurt
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produced a greater number of smaller peptides compared to milk 60 minutes after simulated

gastric digestion, which could be attributed to yogurt’s bacterial proteolytic function.  Given that

AAs can be absorbed in both free AA form via AA transporters and in small peptide

(di/tripeptide) form via peptide transporters followed by subsequent intestinal intracellular

peptidase activity (see Figure 1) (90), it is likely that the enhanced small peptide content in

yogurt following digestion could also help promote a greater AA response in the blood (vs. Milk)

(170).  Thus, the above findings by Dong and colleagues (152) may help explain, in part, the

elevated response in plasma leucine and BCAAs seen in the current investigation.

 Further justification for the elevated blood leucine and BCAA response with yogurt

demonstrated in the current investigation comes from in vivo animal work by Scanff et al. (146),

that showed greater gastric retention of hydrophobic AAs (including leucine and BCAAs) in

calves after consumption of pasteurized compared to fermented milk (i.e., liquid yogurt).  These

data suggest that a greater amount of leucine and BCAAs make it to the duodenum after

consumption of fermented milk compared to non-fermented (regular) milk (146), which would

result in a greater concentration of these AAs and small peptides in the blood following intestinal

absorption.  Further evidence for this comes from the notion that milk casein tends to coagulate

in gastric (i.e., acidic) conditions; whereas, yogurt (predominantly casein) experiences much less

gastric coagulation, and consequently, minimal gastric retention (145).  This could be attributed

to its already lower pH (compared to milk) (Figure 13) (125,126,152,171). Minimal gastric

structural changes to the protein in yogurt may partially explain the enhanced delivery of protein

to the duodenum.  Specifically, the limited conformational changes to the protein during the

exposure of yogurt to gastric conditions may be a result of an impaired ability of pepsin to break

down the k-casein-casein micelle complex, thus inhibiting gastric coagulation (Figure 13) (171).
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Figure 13. Schematic representation of potential dairy protein restructuring under human gastric conditions. 1)
Buccal phase of protein digestion with dairy food moving toward the stomach. 2) Gastric phase of protein digestion
with dairy products subjected to the gastric environment of the stomach. 3) Gastric pepsin and pH reductions induce
structural changes to casein micelle, causing instability (para-ĸ-casein cleavage) to casein in milk, due to higher
initial pH level. 4) Gastric-induced coagulation of milk protein, with little alteration to the protein structure of
yogurt.  Figure adapted from Mulet-Cabero et al. (106), Ye et al. (159,171), Gilbert et al. (139) and Mokoonlall et al.
(160).

Sumi et al. (126) assessed the effects of gastric pH on postprandial aminoacidemia. They fed rats

either fermented milk, acidified milk or skim milk, and implemented a proton pump inhibitory

treatment (PPI), which blocked the function of gastric-induced coagulation of skim milk. In

doing so, they displayed a greater leucine content in the blood compared to normal gastric

conditions. In both cases (PPI present or absent), fermented milk exceeded skim milk in

postprandial blood leucine and EAAs (126), which may, in part, help to explain the findings in

the current investigation. Further, Menard and colleagues (153) suggest that the AAs of viscous

yogurts may populate a fixed proximal portion of the SI as opposed to less viscous yogurt, which

was found to leave the duodenum and populate different areas of the SI.  The above may be true

for the test products in the current investigation, with milk exhibiting a less viscous food form
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compared to GY and potentially, a lower bioavailability of AAs in the duodenum (the primary

point for AA absorption), leading to a dampened AA response in the blood.  Collectively, the

above data provide support to the current findings suggesting that GY would provide a greater

amount of blood leucine and BCAAs compared to milk because a) greater bioavailability of

hydrophobic AAs (BCAAs) for intestinal absorption, b) minimal structural changes and less

gastric-induced coagulation in yogurt, c) more bioavailable AAs directed to the primary point of

intestinal absorption (the duodenum).

The current investigation demonstrated greater concentrations of blood leucine and

BCAAs after consumption of GY compared to Milk. When assessing the absorption kinetics, we

demonstrated no differences in the time to maximal concentration between test products.  The

above finding seems plausible when comparing to a recent investigation by Horstman et al. (36),

which displayed increases in blood AAs within 60 minutes of yogurt and milk consumption, with

no differences in Tmax among dairy products.  This elevation lasted until the 120-minute

postprandial timepoint after only one baseline feeding (36).  In the current investigation, due to

the consumption of the second bolus of food at the 60-minute timepoint, the concentration of

AAs continued to rise toward the later postprandial timepoints (i.e., producing a cumulative

effect), which rendered a later maximal concentration (Cmax) compared to Horstman et al. (36).

Additionally, data suggest that dairy macrostructure (food form) may influence the rate of

protein digestion among gelled (yogurt) and liquid (milk) dairy matrices (50,51).  Specifically,

Barbé and colleagues (50) demonstrated a greater and faster postprandial plasma leucinemia after

feeding mini-pigs liquid dairy compared to gelled dairy.  These data differ from our current

findings, suggesting that a gelled dairy macrostructure (yogurt) may offer a later peak plasma

leucinemia compared to a liquid milk matrix (50,51).  In addition to a longer Tmax, the above data
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found a dampened leucine bioavailability in the gelled matrix compared to the liquid (50) which

is contradictory to the findings of the current investigation, and suggests that food form is only

one of several concomitant components affecting kinetics. The same group also compared the

effect of an acidified dairy gel (yogurt) compared to a rennet gel (cheese) and found that the

acidified dairy matrix displayed a significantly greater blood leucinemia compared to the rennet

(125).  This highlights the importance of acidification to postprandial AA kinetics, whereby it

contributes to a greater AA bioavailability vs. similar non-acidic foods (125).  Importantly,

acidification in the above investigation was done utilizing glucono-δ-lactone (125); a process

that is different from bacterial fermentation, nevertheless, both act to acidify the food matrix, but

in addition to protein conformational changes, fermentation also has a proteolytic function.

Thus, our current findings of a greater (Cmax) and similar (Tmax) of AAs when comparing GY to

Milk are likely influenced by elements of the dairy macrostructure (i.e., food form),

microstructure (i.e., fermentation and matrix restructuring), as well as protein composition (i.e.,

more leucine and BCAAs in GY vs. Milk). These collectively serve to best explain the findings

of the current investigation.

4.1.2 Blood Insulin and Glucose

In the current investigation, plasma insulin significantly increased after the consumption

of both dairy products, with no between condition differences.  These findings are interesting

given the varying carbohydrate contents within the foods (Milk 29.4 g CHO vs. GY 10 g CHO),

which is often associated with rises in postprandial insulin (72,73).  Indeed, greater rises 30 min

post-ingestion of both boluses were apparent for Milk versus GY, but these differences did not

reach statistical significance. Nonetheless, GY contained more leucine and BCAAs which are

insulinogenic (68,69), which could explain the plasma insulin responses of both foods despite
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different carbohydrate contents. Horstman and colleagues (36) displayed similar findings where

skim milk and regular yogurt showed no significant differences in postprandial plasma insulin

concentrations, yet the CHO content of the milk (33.8 g) exceeded that of the yogurt (21.3 g).

Other research investigating postprandial insulinemia following GY compared to skim milk in

young and elderly adults showed no differences 30 minutes after consumption, but GY remained

elevated until 90 minutes compared to skim milk (72).

 In the current investigation, blood glucose significantly decreased after the consumption

of both dairy products, with no between condition differences. For both products, blood glucose

significantly decreased compared to baseline levels from 60 to 120 minutes and then returned to

baseline and there were no differences in the tAUC for glucose between GY and Milk.  The

glucose responses among dairy products could relate to the carbohydrate content of each product

with Milk exceeding GY, and the quicker bioavailability of carbohydrate from liquid milk

compared to semi-solid GY.  Vien and colleagues (72) similarly demonstrated no differences in

iAUC between GY and skim milk when glucose was assessed in young individuals only;

however, in a combination of young and old persons, skim milk exceeded GY at 30-45 minutes

post-consumption, with no differences from 60 minutes onward (72).

4.2 Implications

The utility of dairy as a muscle-supporting food has been established given its enhanced

AA bioavailability (28), and rich composition of leucine and EAAs (52,93). The results from the

current investigation not only showcase GY in this regard, but also demonstrate the anabolic

utility of dairy in general, as a functional food group. The anabolic utility of GY in healthy

young men has been demonstrated in our recent resistance training intervention (48) where

young males gained more lean mass following 12 weeks of exercise and GY consumption
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compared to CHO. Our current results contribute to a deeper understanding of this response.

Our data further indicate that GY, a dairy product that is not the often-investigated liquid milk,

can provide a greater amount of dietary leucine and BCAAs to the blood for a given

isonitrogenous bolus. These are essential key nutrients for the growth and maintenance of muscle

tissue.  Investigating a variety of dairy foods (and other protein foods including meat and plant-

based sources) regarding protein/AA delivery to the bloodstream is important, given that the

different properties of the food can implicate the conditions surrounding how AAs get to the

blood and thus their bioavailability for anabolism (at the skeletal muscle and elsewhere). Indeed,

research shows that the postprandial blood AA response relates to the muscle protein synthetic

response (6,7,37). Further, given the current dietary intake trends in our population, suggesting

that milk consumption is decreasing while other milk products (including yogurt) are increasing

(172), it remains important to investigate other high-quality dairy protein sources beyond milk.

GY is comprised of almost double the amount of protein per serving compared to milk (173),

with a greater postprandial aminoacidemia that has been found to sufficiently stimulate MPS

(10).  For the above reasons, GY should be deemed an effective wholefood alternative to milk

for meeting human dietary protein needs, and for providing advantageous nutrients to best

support our muscles. This is particularly important to elderly populations who are more

susceptible to age-related sarcopenia (27,76) and suboptimal nutrient intakes (172) and perhaps

also to other populations with muscular diseases (174,175).  Additional data suggest that elderly

individuals display a dampened postprandial AA response and AA bioavailability compared to

their younger counterparts, potentially leading to muscle loss if an adequate amount of AAs are

not consumed (111).  It is therefore prudent that older individuals consume high-protein

wholefoods such as GY (that also provide additional supporting micronutrients), to compensate
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for this attenuated AA bioavailability (27).  Lastly, individuals who wish to obtain exercise-

induced gains in muscle mass and strength may also benefit from GY consumption as

demonstrated in our recent investigation assessing GY supplementation in young healthy males

(48).  In particular, and according to a recent systematic review and meta-analysis, individuals

who are seeking such gains should consume between ~1.6-2.2 g/kg of protein daily (176,177),

amounts that are attainable through ingestion of high protein wholefoods, including GY, as we

have demonstrated (48).

Extending beyond protein, GY may offer additional healthful benefits that stem from its

unique food form and physiochemical formulation (45,72).  For example, some data suggest

consuming GY may be a beneficial strategy for weight management due to the semi-solid food

form enhancing satiety (compared to liquid milk) (45).  Specifically, Vien and colleagues (72)

demonstrated that GY displayed greater postprandial appetite suppression when compared to

skim milk.  Also, GY may offer further utility in the diet due to its fermentation properties and

bacterial composition. Some bacteria strains in certain GYs can promote enhanced AA

bioavailability (161), and serve to maintain a healthy gut microbiome through microbiota

alterations (45).  The consumption of yogurt for all these reasons is also an appropriate strategy

to enhance overall diet quality. This has been demonstrated by Panahi and colleagues (178) in

younger and older female populations.

4.3 Strengths and Limitations

4.3.1 Strengths

The findings from this thesis add to protein metabolism research. They corroborate and

strengthen the results of our 12-week GY and resistance training intervention study, given that

the supplement consumption protocol was the same.  The current investigation utilized a
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crossover design, whereby each participant completed both experimental trials/conditions.

Implementing this approach allowed for effective and best practice comparisons of blood AAs

between conditions, given that each participant served as their own control. This mitigated some

of the inter-subject variability typically seen with parallel study designs (179).  Further, all

supplements were prepared by the same individual and this helped maintain consistency and

reduce variability. Lastly, our results using wholefoods as opposed to isolated nutrients are more

translatable to the general public (172,180) since diets typically involve the consumption of

wholefoods/meals that supply nutrients within a wholefood matrix rather than as isolated nutrient

sources (112).

4.3.2 Limitations

The most evident limitation to our dataset is that we were unable to analyze all AAs or

even all the EAAs (despite being most interested in the BCAA response) due to technical

difficulties with the GC/MS system (mentioned in the Methods section). Though leucine is

considered the most potent stimulator of MPS (81–84,181),  all EAAs have a role in this

response (53).  We also had to reduce our sample size from n=10 to n=7, because of issues with

the GC/MS. Nonetheless, we still demonstrated a robust response to both supplements with only

7 individuals.  Additionally, although AA digestion and absorption influence the response in the

muscle (6,7), MPS was not an endpoint in the current investigation; thus, we are unable to say

that our findings in the blood directly relate to responses in the muscle. Finally, we only studied

young healthy males. Although evidence suggests that there are no sex differences in

postprandial protein metabolism following equated protein ingestion (182), future research

should incorporate both sexes and a wider age range to see if similar findings can be revealed.
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4.4 Future Directions

Further research is needed to more intricately assess the differences between the anabolic

responses of GY and Milk.  More specifically, obtaining muscle biopsies after the consumption

of these wholefood protein sources would be optimal.  Burd and colleagues (10) displayed

notable differences in postprandial aminoacidemia after a single bout of exercise with beef or

milk consumption; however, no differences between foods were evident in MPS over the entire 5

hour protocol.  In contrast, de Hart et al. (37) found cheddar cheese to display a dampened blood

AA response compared to microfiltered milk, and this response was replicated at the muscle

level via lower mTOR signaling with cheese. Thus, it would be prudent to compliment blood AA

patterns (leucine, BCAAs, EAAs and TAAs) with measures of MPS and signaling to represent

the entire acute anabolic effect of these dairy products (52).  Recently, a study in rodents

assessed the anabolic response of regular yogurt compared to skim milk demonstrating that

fermented dairy renders a greater portal vein leucinemia and subsequent rate of MPS (126);

however no such data exist in humans utilizing GY.  Furthermore, fermented dairy products may

contain certain bacterial cultures (some of which are specifically probiotic) which not only

enhance gut health (45,183), but also AA bioavailability (161).  Additional research should

assess probiotic GY vs. non-probiotic GY (i.e., GY with cultures that are not specifically

probiotic), and analyze the postprandial blood AA bioavailability and subsequent response in the

muscle, which would allow us to determine the potential effects of differentially fermented dairy

on AA kinetics and muscle anabolism.

The majority of protein metabolism research, including the current investigation,

examines postprandial aminoacidemia acutely. Assessing the effects of how chronic

consumption of a protein food can influence/change the postprandial blood aminoacidemia could
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be interesting and applicable to regular consumers of certain protein sources. This could be done

through the implementation of a baseline acute feeding challenge, followed by a chronic feeding

intervention with a specific wholefood, then finishing with another acute feeding challenge. With

yogurt, for example, chronic feeding could alter the gut microbiome leading to altered acute

metabolism.  More specifically, chronic yogurt consumption improves gut barrier function

(184,185), which may in turn maintain efficient villi function and protein absorption.  Further,

due to the rising consumption of GY in the population (and milk becoming less popular) (172),

investigating a wider spectrum of dairy foods and protein food matrices (both animal- and plant-

derived) in regard to postprandial aminoacidemia and MPS would be prudent. The above has

been assessed in the blood (24,36,186); however building upon these data with muscle analyses

would be optimal (41,187).  Finally, as suggested by Jakobsson in a commentary regarding our

recent intervention study (60), it would be interesting to conduct an additional resistance exercise

intervention comparing GY and Milk as this would relate most to the current findings of this

thesis and shed light on the effects that the food matrix and food composition have on post-

exercise protein metabolism leading to longer-term lean mass gains.

4.5 Conclusions

This thesis demonstrated that isonitrogenous doses of dairy protein existing in different

food matrices renders different blood leucine and BCAA patterns over a 4-hour postprandial

period.  Plasma leucine and total BCAA concentrations were greater after the consumption of

GY compared to Milk, with no differences in time to maximal concentration.  GY exceeded milk

in tAUC over the entire experimental duration for both leucine and total BCAAs. It is likely that

the greater plasma concentration of leucine was, in part, a result of the greater leucine

concentration within GY compared to Milk, but also the different physicochemical properties of
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the foods. Indeed, technological food processing to obtain a given food matrix has an impact on

postprandial aminoacidemia.  These findings support our recent intervention study findings using

GY and support the role of GY in eliciting an appropriate and enhanced delivery (vs. Milk) of

important AAs to the blood, which when consumed post-RT, may compliment exercise-induced

increases in lean mass.  Further research is needed to better understand the mechanisms that

contribute to the different leucine and total BCAA patterns, including whether gastrointestinal

(i.e., digestion/absorption) kinetics differ between GY and milk.
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