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Abstract
The aim of this study was to assess whether adding Ca2þ to aggregate or native forms of β-lactoglobulin alters gut hormone secretion, gastric
emptying rates and energy intake in healthy men and women. Fifteen healthy adults (mean ± SD: 9M/6F, age: 24 ± 5 years) completed four trials
in a randomised, double-blind, crossover design. Participants consumed test drinks consisting of 30 g of β-lactoglobulin in a native form with
(NATIVEþMINERALS) and without (NATIVE) a Ca2þ-rich mineral supplement and in an aggregated form both with (AGGREGþMINERALS)
and without the mineral supplement (AGGREG). Arterialised blood was sampled for 120 min postprandially to determine gut hormone
concentrations. Gastric emptying was determined using 13C-acetate and 13C-octanoate, and energy intake was assessed with an ad libitummeal
at 120min. A protein ×mineral interaction effect was observed for total glucagon-like peptide-1 (GLP-1TOTAL) incremental AUC (iAUC; P< 0·01),
whereby MINERALSþ AGGREG increased GLP-1TOTAL iAUC to a greater extent than AGGREG (1882 ± 603 v. 1550± 456 pmol·l−1·120 min,
P< 0·01), butMINERALSþNATIVEdid notmeaningfully alter theGLP-1 iAUC comparedwithNATIVE (1669 ± 547 v. 1844 ± 550 pmol·l−1·120min,
P= 0·09). A protein×minerals interaction effect was also observed for gastric emptying half-life (P< 0·01) whereby MINERALSþNATIVE
increased gastric emptying half-life compared with NATIVE (83 ± 14 v. 71± 8 min, P< 0·01), whereas no meaningful differences were observed
between MINERALSþ AGGREG v. AGGREG (P= 0·70). These did not result in any meaningful changes in energy intake (protein×minerals
interaction, P= 0·06). These data suggest that the potential for Ca2þ to stimulate GLP-1 secretion at moderate protein doses may depend on protein
form. This study was registered at clinicaltrials.gov (NCT04659902).
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Glucagon-like peptide-1 (GLP-1) and peptide tyrosine-tyrosine
(PYY) are gut hormones produced by intestinal L-cells(1,2).Whilst
GLP-1 stimulates glucose-dependent insulin secretion(3,4), both
GLP-1 and PYY delay gastric emptying(5,6) and reduce food
intake(7,8). These actions can contribute to improved metabolic
health, such that GLP-1 agonism has been targeted for obesity
and type 2 diabetes management(9). Strategies including the
administration of GLP-1 agonists and dipeptidyl peptidase-IV
inhibitors (DPP4; which rapidly cleaves GLP-1 upon binding)
have been effective at promoting weight loss and greater
glycaemic control in patients with obesity or type 2 diabetes,
respectively(10,11). Moreover, one mechanism proposed for the
dramatic weight loss and diabetic remission associated with

bariatric surgery is increased gut hormone availability(12,13).
However, many of these approaches are either expensive
and/or carry risks of unwanted side effects, so additional
strategies to increase gut hormone availability are still sought as
alternatives or adjunct to pharmacological approaches.

Nutrition potently regulates enteroendocrine cell action and
subsequent peptide hormone release through nutrient sensing
and absorption(14,15). Different receptors related to GLP-1
secretion may be targeted by specific macro/micronutrient
intake(16). One such receptor, the Ca2þ-sensing receptor (CaSR),
has been implicated in gut hormone release evidenced by
in vitro(17,18), ex vivo(19) and in vivo experiments in rodent
models(20). The CaSR is a class C G-protein-coupled receptor that
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Abbreviations: AGGREG, β-lactoglobulin in an aggregated form; CaSR, Ca-sensing receptor; DPP4, dipeptidyl peptidase-IV; GLP-1, glucagon-like peptide-1;
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is responsive to extracellular Ca (principal ligand) and amino
acids/peptides(21,22) and is expressed in intestinal L-cells(23).
Human studies, however, have provided conflicting results
regarding the effects of protein-Ca2þ co-ingestion on gut
hormone secretion. GLP-1 secretion was enhanced by about
25 % when Ca is added to a large (50 g) bolus of whey protein
hydrolysate in lean individuals(24), but Ca did not increase GLP-1
secretion when added to a more moderate dose of a whey
protein hydrolysate (25 g) in individuals with overweight/
obesity(25). The nature of these conflicting data could be due to
several factors, including population, protein dose and/or
protein form.

β-Lactoglobulin is the major protein in whey protein isolate.
Under denaturing conditions, β-lactoglobulin can unfold from its
native form and subsequently form aggregates and gel networks.
When aggregates of β-lactoglobulin produced by thermal
aggregation are subjected to acidification in the stomach, they
are prone to further association near the isoelectric point of
about 5·2 to form gel structures(26,27). This at least in part occurs
by inducing the formation of intermolecular bridges between
chains, via shielding of negatively charged carboxylic groups(28).
Furthermore, Ca2þ is thought to modulate the heterogeneity of
the microstructure formed by β-lactoglobulin aggregates which
may affect digestive properties(29,30). Since gelation of glucose
solutions via the use of gel fibres can slow gastric emptying rates
and decrease energy intake(31,32), it could be speculated that
gelation of β-lactoglobulin in the acidic environment of the
stomachmay also slow gastric emptying rates, with effects on gut
hormone availability, appetite and energy intake.

Accordingly, the primary aim of this study was to assess gut
hormone secretion and gastric emptying rates in humans
following ingestion of β-lactoglobulin in native and aggregate
form, both with and without co-ingestion of Ca2þ. It was
hypothesised that Ca2þ co-ingestion would potentiate gut
hormone secretion and slow gastric emptying rates, but that
these effects would bemore pronounced with the aggregate form
of β-lactoglobulin than the native form.

Methods

Experimental design

To establish whether the form of β-lactoglobulin influences the
ability of Ca to stimulate GLP-1 secretion and gastric emptying,
we employed human experiments with postprandial blood
and breath sampling. A Ca-rich milk mineral supplement was
used as the vehicle for providing Ca and phosphate on the basis
that Ca phosphate may display specific effects on the structural
integrity of protein aggregates, providing greater external
validity.

Fifteenmetabolically healthymen andwomen (Table 1)were
recruited to participate in a double-blinded randomised cross-
over study with four trial arms. Inclusion criteria included age:
18–65 y, BMI: 18·5–25·0 kg·m−2, no history of metabolic or
gastrointestinal disease, and free from allergies or intolerances to
Ca or milk proteins. Following written consent, participants
were randomly assigned to a trial sequence by a researcher who
was not involved in data collection. The study protocol was

approved by the NHS Central Bristol Research Ethics Committee
(20/SW/060; IRAS: 277805). All procedures were carried out in
accordance with the latest version of the Declaration of Helsinki.
The study was registered at clinicaltrials.gov (NCT04659902).

Pre-trial standardisation

Participants recorded their diet using a paper food diary for
24 h prior to trial 1 and then replicated this diet for 24 h prior to
each subsequent trial. Participants were asked to eat habitually
although refrain from caffeine, alcohol and any vigorous
unaccustomed physical activity for 24 h prior to a trial day.
Participants were provided with a standardised meal (Tesco
spinach and ricotta cannelloni 440 g; 463 kcal, 56 g carbohydrate,
10 g sugars, 25 g fat and 24 g protein), which was consumed no
later than 22.00 the evening before a trial day. A gluten-free
alternative standardised meal (Amy’s Kitchen vegetable lasagne
255 g; 360 kcal, 41 g carbohydrate, 6 g sugars, 15 g fat and 15 g
protein) was provided for one participant. In an effort to reflect
real-life conditions, women were tested at different phases of
their menstrual cycle, that is, menstrual cycle was not stand-
ardised within or between participants. While we acknowledge
this could be considered a limitation, to check if this influenced
the overall inferences of the study, sensitivity analysis was
performed with females included v. removed from the analyses
(there was no indication of differential responses). The washout
period between trials was between 2 and 7 d.

Trial days

Participants arrived at the laboratory between 09.00 and 10.00 h
following a 10–14 h overnight fast (standardised within partic-
ipants) having only consumed about 473 ml (pint) of water
between waking and attending the laboratory. Water consumption
was permitted ad libitum and recorded on first condition and
replicated on the subsequent trials. Height was measured using a
stadiometer (Seca Ltd), with participants barefoot in the Frankfurt
plane. Body mass was measured using digital scales (Tanita) with
participants barefoot and wearing light clothing.

Arterialised blood samples were obtained by retrograde
cannulation of a pre-heated dorsal hand vein. One participant
was cannulated in the antecubital veinwhichwas still arterialised
by heating the arm, and sensitivity analysis indicated that this did
not influence the overall inference. Site was thenmatchedwithin
participants. A subset of participants (n 3) was fitted with a
nasogastric tube by a qualified researcher. The nasogastric tube
was roughly 0·5 cm wide and passed about 60 cm down in
the stomach from the nostrils. Litmus paper was used to check

Table 1. Participant characteristics

Total Males Females

Means SD Means SD Means SD

Sample size (n) 15 9 6
Age (years) 24 5 26 5 21 4
Body mass (kg) 71·3 10·1 77·1 5·5 62·6 9·4
BMI (kg·m−2) 22·7 1·8 23·3 1·3 21·8 2·1

Data are means ± SD.
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the correct position of the tube. To assess whether the use of a
nasogastric tube influenced the responses, sensitivity analysis
was performed with v. without these three participants in the
overall dataset, and the inferences remained unaltered.

Baseline measures of blood, breath, visual analogue
scales (VAS) of appetite and, if applicable, gastric aspirate were
collected prior to the test meal. Test solutions were consumed
within a 5-minwindow (trial commenced upon the first mouthful
of the test solution). The time taken to ingest the test solution on
trial 1 was recorded and replicated for each subsequent trial.
Following the ingestion of the test solution, a palatability and
blinding validation scale were completed. Breath samples for the
quantification of gastric emptying were collected every 5 min,
and blood samples were taken at 15, 30, 45, 60, 90, and 120-min
following consumption of the test solutions. VASwas obtained at
60 and 120 min. If applicable, gastric aspirate from the stomach
was sampled at every time point at which blood was sampled.
At the end of this period, participants ingested an ad libitum lunch
(Tesco Hearty Food Co. cheese and tomato pasta 400 g; nutritional
info per 100 g, 118 kcal, 20 g carbohydrate, 16 g sugars, 7 g fat and
14 g protein) in isolation, free from distractions, until they were
comfortably full. Meals were prepared in a large bowl and
replenished every about 5 min so that the contents of the bowl
never completely emptied. A gluten-free alternative (Amy’s Kitchen
mac and cheese 255 g; nutritional info per 100 g, 181 kcal, 23 g
carbohydrate, 2 g sugars, 7 g fat and 6 g protein) was provided for
one participant (the inclusion/removal of this participant did not
influence the overall statistical inferences). This was followed by
another VAS andpalatability scale. Upon the completion of the final
trial, participants completed a restrained eating questionnaire. The
protocol is outlined in Fig. 1.

Test solutions

There were four test solutions consumed in a randomised order
(researchrandomizer.org; JG) over four trials: (1) β-lactoglobulin
(derived from whey protein isolate) in a native form (NATIVE)

(32 g providing 30 g protein; Lacprodan BLG 100 Neutral (Arla
Foods Ingredients, Viby J)); (2) NATIVE plus milk minerals rich
in Ca (NATIVEþMINERALS) (9547 mg to provide 2497 mg Ca;
Capolac® MM-0525 BG (containing calcium phosphate, Arla
Foods Ingredients, Viby J)); (3) β-lactoglobulin in an aggregate
form (AGGREG) (500 ml to provide about 30 g protein (Arla
Foods Ingredients, Viby J)); and (4) AGGREG plus milk minerals
rich in Ca (AGGREGþMINERALS) (9547mg to provide 2497mg
Ca; Capolac®). The Ca content in the local tap water was
99·58 mg·l−1(33), and day-to-day variation is< 15 mg which is
unlikely to alter any responses measured(24). Ca content was
matched to that of the highest doses in our previous study(25).
Thirty litres of 6 %AGGREGpH7·0was prepared by hydration of
NATIVE powder in 25 litres of demineralised water followed by
pH adjustment to 7·0 using 7 % NaOH and final adjustment with
demineralised water to 30 litres. Aggregates were produced
during ultra-high temperature treatment at 143°C for 4 s using a
plate heat exchanger after which the sample was cooled to 10°C
and tapped into sterile bottles.

Test solutions were prepared by two researchers not
involved with data collection. Each drink contained 80 mg of
low-energy-sweetened chocolate flavouring (My Protein) and
was labelled with 150 mg (1–13C)-sodium acetate and 100 mg
(1–13C)-sodium octanoate for the measurement of gastric
emptying. Five hundred millilitres of water were added to
NATIVE and NATIVEþMINERALS to volume match the test
solutions. The composition of test solutions is given in Table 2.

Blood sampling and analysis

A 5-ml sample of arterialised venous blood was collected at each
time point. This was dispensed into 5 ml of EDTA collection tubes
(Sarstedt) treatedwith 2500KIU aprotinin (Sigma-AldrichCompany
Ltd) to inhibit DPP4 activity. The tube underwent immediate
centrifugation at 4000 g for 10 min at 4°C, and the plasma was
transferred to new tubes and stored on dry ice for the remainder of
the trial. Plasma samples were stored at −80°C until analysis.

Fig. 1. Schematic of trial days.
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Plasma GLP-1TOTAL (EZGLP1T-36), GLP-1ACTIVE (EZGLPHS-
35K), PYYTOTAL (EZHPYYT66K), DPP4 (DC260B) and insulin
(EZHI-14K) were measured using commercially available
ELISA (Merck Millipore, except DPP4 which was from R&D
systems). The antibodies in the GLP-1TOTAL assay detect both
GLP-17–36amide and GLP-19–36amide, whereas the antibodies in
the GLP-1ACTIVE are specific to GLP-17–36amide only. The
GLP-1TOTAL assay is therefore indicative of total secretion,
whereas the GLP-1ACTIVE assay is more indicative of hormone
action(34). Similarly, the antibodies in the PYYTOTAL are
specific to both PYY1–36 and PYY3–36. DPP4 ELISA plates
failed to detect any DPP4 in the samples of five participants,
which limited the sample size for this outcome (n 10). Total
amino acid concentrations for plasma samples were measured
using an L-amino acid quantification assay (Merck Millipore).
All samples for comparison between treatments within
each participant were included on the same plate, and the
respective intra-plate CV for GLP-1TOTAL, GLP-17–36amide,
PYYTOTAL, Insulin and total amino acids were 10·1 %, 6·8 %,
9·9 %, 9·6 % and 7·3 %, respectively. It is acknowledged that a
CV > 10 % is a limitation of this study.

Subjective appetite ratings

Subjective ratings of appetite were assessed using a previously
validated 100-mm VAS(35). The four questions from this scale:
‘Howhungry do you feel?’, ‘How full do you feel?’, ‘How satisfied
do you feel?’ and ‘How much do you think you can eat?’ were
converted into a composite appetite score. This score combines
hunger, fullness, satisfaction and prospective consumption using
the following equation(36):

Composite appetite score

¼ hunger þ prospective food consumptionþ 100� fullnessð Þ þ 100� satisfactionð Þð Þ
4

Gastric emptying and aspiration

Fiveml stomach aspirate was sampled at baseline, 30, 60 and 120
min, and aliquoted appropriately for analyte profiling. The

(1–13C)-acetate/octanoate technique was employed to measure
both the liquid and semi-solid phases of gastric emptying as
previously described(37,38). Each test solution was labelled with
150 mg (1–13C)-sodium acetate and 100 mg (1–13C)-sodium
octanoate. Breath samples were then collected every 5 min after
the ingestion of the liquid test meal and were analysed for
isotopic enrichment by an isotope ratio mass spectrometer (Iso-
Analytical) with an online gas chromatographic purification
system. All δ values were expressed v. the Pee Dee Belemnite
international standard and related to the baseline value. This was
converted to the percentage (13C) recovery per hour and to the
cumulative recovery after 2 h, which acts as a marker of gastric
emptying(38,39).

Statistical analysis

The primary outcome was plasma GLP-1TOTAL incremental AUC
(iAUC). Gastric emptying, in vitro GLP-1TOTAL secretion,
concentrations of plasma GLP-17–36amide, PYYTOTAL, DPP4,
insulin and plasma amino acid profiles were secondary
outcomes, alongside VAS and ad libitum energy intake. The
sample size calculation was based on our previous data(24): the
mean difference for postprandial plasma GLP-1TOTAL between
the co-ingestion of whey protein and Capolac® v. whey protein
alone was 9·1 ± 6·9 pmol·l−1 × 120 min (mean ± SD). Using this
effect size (d= 1·32), fifteen participants would provide about
85 %probability (power: 0·86) of detecting such an effect with an
α-level of 0·05 using a one-way, repeated-measures ANOVA
with two tails. Data are presented as means ± SD in text and
means ± 95 % CI in figures. The iAUC or total AUC (tAUC) was
calculated for all variables (other than ad libitum energy intake
and in vitro GLP-1TOTAL) using the Time Series Response
Analyser(40).

Time series data were compared by three-way (time ×
protein form ×minerals) repeated-measures ANOVA. Summary
data (e.g. iAUC) were compared by two-way (protein form ×
minerals) repeated-measures ANOVA. ANOVA statistical tests
are considered robust to violations to normality assumptions(41).
Where an interaction effect was determined, post hoc Bonferroni
adjustments were applied for multiple comparisons. A cubic

Table 2. Nutritional composition of each 500 ml test solution for each condition

Ingredient Condition

NATIVE* NATIVEþMINERALS† AGGREG‡ AGGREGþMINERALS§

Energy (kJ) 498 515 498 515
Energy (kcal) 119 123 119 123
Water (ml) 500 500 500 500
Sucralose (mg) 80 80 80 80
Ca (mg)|| 65 2612 56 2603
P (mg) 15 1065 25 1075
Mg (mg) <0·1 67 25 92
Protein (g) 30 30 30 30
Carbohydrate (g) <0·1 0·8 <0·1 0·8
Fat (g) <0·1 <0·1 <0·1 <0·1

* NATIVE, β-lactoglobulin derived from whey protein isolate, native form
†NATIVEþMINERALS, NATIVE with Capolac®.
‡AGGREG, β-lactoglobulin derived from whey protein isolate, aggregate form
§AGGREGþMINERALS, AGGREG with Capolac®.
||Reported Ca value includes the estimated tap water content based on 50 mg of Ca per 500 ml(33).
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model was used to determine gastric emptying half-times on the
basis that this provided an r2 of> 0·996. A two-tailed P value
of≤ 0·05 was deemed statistically significant. Results were
analysed using Microsoft Excel version 16.0, SPSS statistical
software version 25.0 and GraphPad Prism version 8.4.3.

Results

Plasma glucagon-like peptide-1 and peptide tyrosine-
tyrosine concentrations

For plasma GLP-1TOTAL concentrations, no minerals × protein
form × time interaction was detected (P= 0·06; Fig. 2(a)),
although the GLP-1TOTAL iAUC did display a minerals × protein
form interaction effect (P= 0·002; Fig. 2(b)), whereby the
GLP-1 TOTAL iAUC was higher MINERALSþ AGGREG compared
with AGGREG (P< 0·01), but not with MINERALSþNATIVE
compared with NATIVE (P= 0·09).

A minerals × protein form × time interaction was detected for
GLP-17–36 concentrations (P= 0·05; Fig. 2(c)), although post hoc
comparisons were not significant following adjustment for
multiple comparisons. Similarly, no minerals × protein form
interaction effect was detected for the GLP-17–36 iAUC (P= 0·18;
Fig. 2(d)).

Similarly, no minerals × protein form × time interaction was
detected for PYYTOTAL concentrations (P= 0·51; Fig. 2(e)) and
no minerals × protein interaction for PYYTOTAL iAUC (P= 0·31;
Fig. 2(f)).

Plasma insulin, amino acid and dipeptidyl peptidase-IV
concentrations

Nominerals × protein form × time interactions were detected for
concentrations of insulin, amino acids or DPP4 (P= 0·8, 0·3 and
0·4, respectively; Fig. 3). Similarly, the iAUC for insulin, amino
acids and DPP4 did not display a minerals × protein form
interaction (P= 0·45, 0·17 and 0·9, respectively; Fig. 3).

Gastric emptying and gastric pH

Gastric emptying half-life displayed a min effect of minerals
(P < 0·01), whereby addition of minerals increased gastric
emptying half-life. In addition, a minerals × protein form
interaction was detected (P = 0·03), whereby MINERALSþ
NATIVE increased gastric emptying half-life compared with
NATIVE (P < 0·01; Fig. 4(a)), whereas no such effect was
observed between MINERALSþ AGGREG compared with
AGGREG (P = 0·7). Gastric pH demonstrated a similar
response in the subgroup of n 3, whereby a main effect of
minerals was detected (P = 0·02), where addition of minerals
increased pH iAUC, although a minerals × protein interaction
was not observed (P = 0·17; Fig. 4(b)).

Appetite ratings and energy intake

The composite appetite score did not display a minerals ×
protein form × time interaction effect (P= 0·6; Fig. 5(a)).
However, energy intake did display a main effect of protein
form (P= 0·02), whereby AGGREG tended to lower energy

intake compared with NATIVE, albeit a minerals × protein form
interaction effect was not detected (P= 0·06; Fig. 5(b)).

Standardisation and blinding

The test solutions were well tolerated by all participants and
were correctly identified on 19 % of occasions, with 33 % of
participants unable to identify a single drink correctly. There was
no difference in the time taken to consume the test solutions
between conditions (P = 0·18; NATIVE (283 ± 137 s);
NATIVEþMINERALS (273 ± 118 s); AGGREG (268 ± 120 s);
AGGREGþMINERALS (279 ± 131 s). Data were checked for
order effects, and the only parameter to exhibit any evidence
of systematic variance between repeated trials was ad libitum
energy intake (P = 0·002). Ad libitum energy intake (kcal) was
lower in trial 1 compared with all other trials (all P < 0·05).
Although, there was no trial order × condition interaction
detected (P = 0·06).

Discussion

In the present study, postprandial GLP-1 secretion was
modestly increased by the co-ingestion of Ca-rich milk minerals
(about 2600 mg Ca) with the aggregate form of β-lactoglobulin
(about 30 g), but no such effect was seen when Ca was added to
the native form of β-lactoglobulin. There were no differences
between conditions in plasma GLP-17–36amide or PYYTOTAL,
nor were there any differences in plasma insulin, total amino
acids or DPP4 between conditions. Both stable isotope and
pH measures suggested that addition of Ca could slow gastric
emptying rates, which was seen most clearly when added to
the native form of β-lactoglobulin. These changes in GLP-1
and gastric emptying did not clearly translate into a change in
appetite ratings or energy intake.

Interestingly, in the present study, GLP-1TOTAL iAUC was
only enhanced by Ca when added to the aggregate form
of β-lactoglobulin and not the native form. Previous work has
demonstrated enhanced GLP-1 concentrations following meals
supplemented with Ca in comparison with the same meals
without Ca(42–44), and the combination of Ca and protein/amino
acids has been shown to stimulate GLP-1, in vivo(24) and
ex vivo(19) to a greater extent than protein/amino acids alone.
Despite this, in our previous work, co-ingestion of whey protein
hydrolysate and Ca enhanced GLP-1TOTAL iAUC in comparison
with whey protein hydrolysate alone on one occasion,(24) but
not the other(25). These contrasting findings may be due to the
dose and/or type of protein ingested, in addition to other
macronutrients. The observed effect following perfusion of
L-phenylalanine and Ca through rodent small intestine on GLP-1
secretion was observed at supraphysiological concentrations of
10 mM for 90 min(19). In humans, the data from the present study
and others suggest that any effect of Ca on further stimulating
GLP-1 secretion with whey protein may require protein doses
above 30 g. This may be due to the rate of protein digestion,
whereby ingesting above 30 g protein in a bolus leads to greater
amino acid accumulation in the intestine(45) to allow interactions
with Ca on L-cells. Interestingly, Ca did further stimulate GLP-1
secretionwith only 30 g of protein, when the β-lactoglobulin was
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in aggregate form. In the present study, the difference observed
in GLP-1TOTAL iAUC was not sustained for GLP-1ACTIVE iAUC,
and this may be explained by a couple of reasons. First, it is well
known that GLP-1ACTIVE is degraded at a rapid rate, and because
of this, it is possible that the detection threshold was not
consistently reached by the timeGLP-1ACTIVE was sampled in the
arm. This is supported by the greater variance in GLP-1ACTIVE
compared with GLP-1TOTAL. Second, there is a possibility that a
type 2 error has been committed. Overall, these findings suggest
that not only protein dose, but also protein form may modulate
the effects of Ca-protein co-ingestion on GLP-1 secretion.

It was expected that the aggregate form of β-lactoglobulin
would be susceptible to gelation in the acidic environment of the
stomach and that thismay bemodulated by Ca. In turn, this could
delay gastric emptying rates. In contrast to this hypothesis, we
saw no effect of Ca co-ingestion on gastric emptying rates when
added to AGGREG. Ca did, however, delay gastric emptying
rates when added to NATIVE. Bile salts and salts of fatty acids
with high affinity for Ca have previously been shown to delay
gastric emptying rates due to shrinking of lateral intracellular
spaces(46), and it may be that as the aggregate form of protein

already had amarginally slow gastric emptying rate as a baseline,
the addition of Ca did not further slow this process. Another
possibility is that gelation did not alter gastric emptying rates.
Although, we cannot confirm whether gelation did occur as this
was not measured, and the absence of such gelation could
explain the lack of effect on gastric emptying. It may be expected
that slowing gastric emptying rates would decrease amino acid
absorption and availability. However, we did not observe any
meaningful differences between conditions in the postprandial
rise amino acid concentrations. It is possible that gastric
emptying is not rate-limiting to amino acid availability with the
doses of protein used in the current study. These data also
suggest that effects of Ca co-ingested with protein on gastric
emptying and energy intake are independent of GLP-1, PYY or
amino acid availability.

In addition to gastric emptying and intestinal amino acid
availability as hypothesised ways to manipulate endogenous
GLP-1 availability, whey proteins have also been demonstrated as
sources of DPP4 inhibitors(47). DPP4 inhibition can reduce the
degradation ofGLP-17–36, therebymaintaining a high concentration
of receptor-active GLP-1(10). In the present study, we saw no effect

Fig. 2. Plasma GLP-1TOTAL concentrations (a), GLP-1TOTAL iAUC (b), GLP-17–36 concentrations (c), GLP-17–36 iAUC (d), PYYTOTAL concentrations (e) and PYYTOTAL

iAUC (f) following consumption of 30 g β-lactoglobulin in native form (NATIVE) or aggregate form (AGGREG) with (þMINERALS) and without (-MINERALS) Ca-rich milk
minerals. Data are means ± 95% CI. n 15. GLP-1, glucagon-like peptide-1; iAUC, incremental AUC; PYY, peptide tyrosine-tyrosine.
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of protein form or Ca co-ingestion on DPP4 concentrations, nor
any clear, meaningful effects on GLP-17–36 concentrations. It is
therefore unlikely that the form of β-lactoglobulin alters DPP4
availability or activity in the circulation.

Unlike GLP-1, the addition of Ca to AGGREGdid not enhance
PYYTOTAL, which is surprising considering that both hormones
are similarly released from intestinal L-cells(2). Increasing Ca
dose augmented PYY release similarly to GLP-1 ex vivo(19), but
Ca co-ingestion with protein has not been shown to stimulate
PYY release to a greater extent than protein alone in humans(24).
In male Wistar rats, intraduodenal L-tryptophan administration
with the CaSR antagonist NPS 2143 suppressed GLP-1 release in
comparison with L-tryptophan alone, but this was not the case
for PYY, suggesting that the CaSR is not involved in mediating
PYY secretion(48). Despite this, in isolated loops of rat small

intestine, perfusion of amino acids in the presence of NPS 2143
significantly reduced total PYY AUC in comparison to without
NPS 2143(19). Furthermore, in mucosal L-cells, PYY-Y1 activation
(a PYY receptor) partially mediates an increase in glutamine
induced electrical L-cell activity, which is dampened following
co-administration of NPS 2143(49). These findings suggest
the involvement of CaSR in protein-mediated PYY release is
inconclusive and, as of yet, protein and Ca co-ingestion has
failed to translate to enhanced PYY release in humans.

Importantly, while an increase in GLP-1TOTAL iAUC with the
addition of Ca to the aggregate form was observed, it must also
be considered whether this difference is physiologically mean-
ingful and/or has practical relevance. In a previous meta-
analysis, a meanGLP-1 infusion rate of just 0·89 pmol·kg−1·min−1

across seven studies (infusions over 0–240 min, mean 60 min)

Fig. 3. Plasma insulin concentrations (a), insulin iAUC (b), amino acid concentrations (c), amino acid iAUC (d), PYYTOTAL concentrations (e) and PYYTOTAL iAUC
(f) following consumption of 30 g β-lactoglobulin in native form (NATIVE) or aggregate form (AGGREG) with (þMINERALS) and without (-MINERALS) Ca-rich milk
minerals. Data are means ± 95% CI. n 15. iAUC, incremental AUC; PYY, peptide tyrosine-tyrosine.
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led to a reduction in ad libitum energy intake of about 206 kcal
(13·2 %) and about 60 kcal (4·5 %) in lean and overweight
individuals, respectively, in comparison with a saline infu-
sion(50). By contrast, the mean difference in GLP-1TOTAL iAUC
following ingestion of the aggregate formwith or without Cawas
about 2·8 ± 4·7 pmol·l−1·min−1. Therefore, the observed differ-
ence may not have been sufficient to affect energy intake in the
current study, and higher protein doses may be needed for Ca to
exert such an effect(24).

In the present study, ad libitum energy intake was not
influenced by the addition of Ca to either form of protein,
suggesting the difference in GLP-1TOTAL iAUC between these
conditions did not translate into any change in energy intake.
It should be noted that the sample size was based on the
GLP-1TOTAL iAUC, and therefore it is possible that the sample size
was too low to detect small effects in energy intake and other
variables (e.g. GLP-17–36 and PYYTOTAL). Furthermore, the
difference in energy intake observed between protein forms
should be considered with some caution. An effect of trial order
was observed whereby energy intake was systematically lower
in the first trial completed compared with each other trial.
Interestingly, the aggregate form without Ca was randomly
assigned as the first trial on 6/15 occasions (i.e. with four

conditions and fifteen participants, it is impossible to fully
counterbalance for every possible permutation of sequences).
To determine whether this influenced energy intake, an
additional statistical test was conducted to determine whether
therewas an interaction between trial order and condition. There
was no condition × trial order interaction effect. Overall, the data
in this study did not provide evidence that addition of Ca to either
native or aggregate forms of β-lactoglobulin alters energy intake
despite detectable effects on GLP-1 and gastric emptying rates.
In addition to effects on energy intake, GLP-1 can increase
glucose-stimulated insulin secretion. We did not observe
differences in insulin concentrations between conditions,
although this may not be surprising given that the test drinks
did not contain any appreciable quantities of carbohydrate.

In conclusion, postprandial concentrations of GLP-1TOTAL

were potentiated by the addition of Ca-rich milk minerals to
an aggregate form of β-lactoglobulin but not when added to
the native form. In contrast, gastric emptying rates were
decreased by the addition of Ca-rich milk minerals to a native
form of β-lactoglobulin. These data suggest that, in addition to
protein dose, the form of protein can also modulate the
effectiveness of Ca on further stimulating postprandial GLP-1
secretion.

Fig. 4. Gastric emptying half-life iAUC determined by 13C-acetate and 13C-octanoate breath tests (a) and gastric pH iAUC (b) following consumption of 30 g
β-lactoglobulin in native form (NATIVE) or aggregate form (AGGREG) with (þMINERALS) and without (-MINERALS) Ca-richmilk minerals. Data aremeans ± 95%CI. n
15 for panel a and 3 for panel b. iAUC, incremental AUC.

Fig. 5. Compositive appetite score (a) and ad libitum energy intake (b) following consumption of 30 g β-lactoglobulin in native form (NATIVE) or aggregate
form (AGGREG) with (þMINERALS) and without (-MINERALS) Ca-rich milk minerals. Data are means ± 95% CI. n 15 for panel a and 3 for panel b. iAUC,
incremental AUC.

8 J. D. Watkins et al.

https://doi.org/10.1017/S0007114524000321 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524000321


Acknowledgements

J. D.W., J. T. G., F. K., S. B. N. and U. R. M. designed the research,
J. D. W. conducted the research, H. A. S. and A. H. prepared the
test meals, J. D. W., H. A. S. and A. H. analysed the data, J. D. W.
and J. T. G. performed the statistical analysis, J. D. W. and J. T. G.
primarily wrote the paper, and all authors read and approved the
final version of the manuscript.

This work was funded by Arla Foods Ingredients and the
University of Bath.

Conceptualisation: J. D. W., S. B. N., U. R. M., F. K. J. A. B. and
J. T. G.; Methodology: J. D.W., J. S., F. K., J. A. B., S. B. N., U. R. M.
and J. T. G.; Data collection: J. D. W., H. A. S. and A. H.; Data
analysis: J. D. W. and J. T. G.; Manuscript drafting: J. D. W. and
J. T. G.; Reviewing and editing manuscript: J. W. D., H. A. S., A.
H., S. B. N., U. R. M., J. S., F. K., J. A. B. and J. T. G.

J. D. W. has received research funding as part of their PhD
studentship from Arla Foods Ingredients (DK). H. A. S. and A. H.
have received research funding as part of their PhD studentship
from The Rank Prize Funds. J. A. B. is an investigator on research
grants funded by BBSRC, MRC, British Heart Foundation, Rare
Disease Foundation, EU Hydration Institute, GlaxoSmithKline,
Nestlé, Lucozade Ribena Suntory, Arla foods ingredients, Cosun
Nutrition Centre and Salus Optima (L3M Technologies Ltd), has
completed paid consultancy for PepsiCo, Kellogg’s, SVGC and
Salus Optima (L3M Technologies Ltd), is Company Director of
Metabolic Solutions Ltd, receives an annual honorarium as a
member of the academic advisory board for the International
Olympic Committee Diploma in Sports Nutrition, and receives
an annual stipend as Editor-in Chief of International Journal of
Sport Nutrition & Exercise Metabolism. J.T.G. is an investigator
on research grants funded by BBSRC, MRC, British Heart
Foundation, The Rank Prize Funds, The European Society for
Clinical Nutrition and Metabolism (ESPEN), Lucozade Ribena
Suntory, Arla Foods Ingredients, Cosun Nutrition Centre and
Clasado Biosciences and has completed paid consultancy for
PepsiCo, Violicom Medical Limited, 6d Sports Nutrition, Tour
Racing limited, and SVGC.

References

1. Holst JJ (2007) The physiology of glucagon-like peptide 1.
Physiol Rev 87, 1409–1439.

2. Tatemoto K & Mutt V (1980) Isolation of two novel candidate
hormones using a chemical method for finding naturally
occurring polypeptides. Nature 285, 417–418.

3. Weir GC, Mojsov S, Hendrick GK, et al. (1989) Glucagonlike
peptide I (7–37) actions on endocrine pancreas. Diabetes 38,
338–342.

4. Vilsboll T, Krarup T, Madsbad S, et al. (2003) Both GLP-1 and
GIP are insulinotropic at basal and postprandial glucose levels
and contribute nearly equally to the incretin effect of a meal in
healthy subjects. Regul Pept 114, 115–121.

5. Krieger JP, Arnold M, Pettersen KG, et al. (2016) Knockdown of
GLP-1 receptors in vagal afferents affects normal food intake
and glycemia. Diabetes 65, 34–43.

6. Read N, French S & Cunningham K (1994) The role of the gut in
regulating food intake in man. Nutr Rev 52, 1–10.

7. Batterham RL, Cowley MA, Small CJ, et al. (2002) Gut hormone
PYY(3–36) physiologically inhibits food intake. Nature 418,
650–654.

8. Flint A, Raben A, Astrup A, et al. (1998) Glucagon-like peptide 1
promotes satiety and suppresses energy intake in humans.
J Clin Invest 101, 515–520.

9. Drucker DJ (2018) Mechanisms of action and therapeutic
application of glucagon-like peptide-1.Cell Metab 27, 740–756.

10. Duez H, Cariou B & Staels B (2012) DPP-4 inhibitors in the
treatment of type 2 diabetes. Biochem Pharmacol 83, 823–832.

11. Wilding JPH, Batterham RL, Calanna S, et al. (2021) Once-
weekly semaglutide in adults with overweight or obesity.
N Engl J Med 384, 989–1002.

12. BuchwaldH, Estok R, Fahrbach K, et al. (2009)Weight and type
2 diabetes after bariatric surgery: systematic review and meta-
analysis. Am J Med 122, 248–256.e245.

13. Madsbad S, Dirksen C &Holst JJ (2014) Mechanisms of changes
in glucose metabolism and bodyweight after bariatric surgery.
Lancet Diabetes Endocrinol 2, 152–164.

14. Spreckley E & Murphy KG (2015) The l-Cell in nutritional
sensing and the regulation of appetite. Front Nutr 2, 23.

15. Modvig IM, Kuhre RE & Holst JJ (2019) Peptone-mediated
glucagon-like peptide-1 secretion depends on intestinal
absorption and activation of basolaterally located calcium-
sensing receptors. Physiol Rep 7, e14056.

16. Bodnaruc AM, Prud’homme D, Blanchet R, et al. (2016)
Nutritional modulation of endogenous glucagon-like peptide-1
secretion: a review. Nutr Metab 13, 92.

17. Tolhurst G, ZhengY, Parker HE, et al. (2011)Glutamine triggers
and potentiates glucagon-like peptide-1 secretion by raising
cytosolic Ca2þ and cAMP. Endocrinology 152, 405–413.

18. Conigrave AD & Brown EM (2006) Taste receptors in the
gastrointestinal tract. II. L-amino acid sensing by calcium-
sensing receptors: implications for GI physiology. Am J Physiol
Gastrointest Liver Physiol 291, G753–761.

19. Mace OJ, Schindler M & Patel S (2012) The regulation of K- and
L-cell activity by GLUT2 and the calcium-sensing receptor CasR
in rat small intestine. J Physiol 590, 2917–2936.

20. Alamshah A, Spreckley E, Norton M, et al. (2017)
L-phenylalanine modulates gut hormone release and glucose
tolerance, and suppresses food intake through the calcium-
sensing receptor in rodents. Int J Obes (Lond) 41, 1693–1701.

21. Ojha U (2018) Protein-induced satiation and the calcium-
sensing receptor. Diabetes Metab Syndr Obes 11, 45–51.

22. Conigrave AD, Quinn SJ & Brown EM (2000) L-amino acid
sensing by the extracellular Ca2þ-sensing receptor. Proc Natl
Acad Sci U S A 97, 4814–4819.

23. Sheinin Y, Kallay E, Wrba F, et al. (2000) Immunocytochemical
localization of the extracellular calcium-sensing receptor
in normal and malignant human large intestinal mucosa.
J Histochem Cytochem 48, 595–602.

24. Chen Y-C, Smith HA, Hengist A, et al. (2019) Co-ingestion of
whey protein hydrolysate with milk minerals rich in calcium
potently stimulates glucagon-like peptide-1 secretion: an RCT
in healthy adults. Eur J Nutr 59, 2449–2462.

25. Watkins JD, Smith HA, Hengist A, et al. (2022) Plasma
glucagon-like peptide-1 responses to ingestion of protein with
increasing doses of milk minerals rich in calcium. Br J Nutr128,
55–63. https://doi.org/10.1017/S000711452100297X.

26. Jung JM, Savin G, Pouzot M, et al. (2008) Structure of heat-
induced beta–lactoglobulin aggregates and their complexes
with sodium-dodecyl sulfate. Biomacromolecules 9,
2477–2486.

27. Wagner J, Biliaderis CG & Moschakis T (2020) Whey proteins:
musings on denaturation, aggregate formation and gelation.
Crit Rev Food Sci Nutr 60, 3793–3806.

28. Khaldi M, Croguennec T, André C, et al. (2018) Effect of the
calcium/protein molar ratio on β-lactoglobulin denaturation
kinetics and fouling phenomena. Int Dairy J 78, 1–10.

Protein, calcium and GLP-1 release 9

https://doi.org/10.1017/S0007114524000321 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711452100297X
https://doi.org/10.1017/S0007114524000321


29. Kharlamova A, Chassenieux C & Nicolai T (2018) Acid-induced
gelation of whey protein aggregates: kinetics, gel structure and
rheological properties. Food Hydrocolloids 81, 263–272.

30. Kharlamova A, Nicolai T & Chassenieux C (2018) Calcium-
induced gelation of whey protein aggregates: kinetics, structure
and rheological properties. Food Hydrocolloids 79, 145–157.

31. Holt S, Carter D, Tothill P, et al. (1979) Effect of gel fibre on
gastric emptying and absorption of glucose and paracetamol.
Lancet 313, 636–639.

32. Wanders AJ, Mars M, Borgonjen-van den Berg KJ, et al. (2014)
Satiety and energy intake after single and repeated exposure to
gel-forming dietary fiber: post-ingestive effects. Int J Obes
(Lond) 38, 794–800.

33. WessexWater (2021)Water Hardness. https://www.wessexwater.
co.uk/help-and-advice/your-water/water-quality/postcode-
results?postcode=BA2þ7AY (accessed 27 January 2021)

34. Holst JJ, Albrechtsen NJW, Rosenkilde MM, et al. (2019)
Physiology of the incretin hormones, GIP andGLP-1-regulation
of release and posttranslationalmodifications.Compr Physiol 9,
1339–1381.

35. Flint A, Raben A, Blundell JE, et al. (2000) Reproducibility,
power and validity of visual analogue scales in assessment of
appetite sensations in single test meal studies. Int J Obes Relat
Metab Disord 24, 38–48.

36. Anderson GH, Catherine NL, Woodend DM, et al. (2002)
Inverse association between the effect of carbohydrates on
blood glucose and subsequent short-term food intake in young
men. Am J Clin Nutr 76, 1023–1030.

37. Braden B, Adams S, Duan LP, et al. (1995) The (13C)acetate
breath test accurately reflects gastric emptying of liquids in
both liquid and semisolid test meals. Gastroenterology 108,
1048–1055.

38. Ghoos YF, Maes BD, Geypens BJ, et al. (1993) Measurement of
gastric emptying rate of solids by means of a carbon-labeled
octanoic acid breath test. Gastroenterology 104, 1640–1647.

39. Schoeller DA, Klein PD, MacLean WC Jr, et al. (1981) Fecal
13C analysis for the detection and quantitation of intestinal
malabsorption. Limits of detection and application to disorders
of intestinal cholylglycine metabolism. J Lab Clin Med 97,
440–448.

40. Narang BJ, Atkinson G, Gonzalez JT, et al. (2020) A tool to
explore discrete-time data: the time series response analyser.
Int J Sport Nutr Exerc Metab 30, 374–381.

41. Maxwell SE & Delaney HD (1990) Designing Experiments and
Analyzing Data: A Model Comparison Perspective, Designing
Experiments and Analyzing Data: A Model Comparison
Perspective. Belmont, CA: Wadsworth/Thomson Learning.

42. Gonzalez JT & Stevenson EJ (2014) Calcium co-ingestion
augments postprandial glucose-dependent insulinotropic pep-
tide1–42, glucagon-like peptide-1 and insulin concentrations in
humans. Eur J Nutr 53, 375–385.

43. Trautvetter U & Jahreis G (2014) Effect of supplementary
calcium phosphate on plasma gastrointestinal hormones in a
double-blind, placebo-controlled, cross-over human study. Br J
Nutr 111, 287–293.

44. Jones KW, Eller LK, Parnell JA, et al. (2013) Effect of a dairy- and
calcium-rich diet on weight loss and appetite during energy
restriction in overweight and obese adults: a randomized trial.
Eur J Clin Nutr 67, 371–376.

45. Schoenfeld BJ & Aragon AA (2018) How much protein
can the body use in a single meal for muscle-building?
Implications for daily protein distribution. J Int Soc Sports
Nutr 15, 10.

46. Hunt JN (1983) Does calcium mediate slowing of gastric
emptying by fat in humans?Am J Physiol - Gastrointestinal Liver
Physiol 244, 89–94.

47. Nongonierma AB & FitzGerald RJ (2019) Features of dipeptidyl
peptidase IV (DPP-IV) inhibitory peptides from dietary
proteins. J Food Biochem 43, e12451.

48. Acar I, Cetinkaya A, Lay I, et al. (2020) The role of calcium
sensing receptors in GLP-1 and PYY secretion after acute
intraduodenal administration of L-Tryptophan in rats. Nutr
Neurosci 23, 481–489.

49. Joshi S, Tough IR & Cox HM (2013) Endogenous PYY and GLP-
1 mediate l-glutamine responses in intestinal mucosa. Br J
Pharmacol 170, 1092–1101.

50. Verdich C, Flint A, Gutzwiller JP, et al. (2001) Ameta-analysis of
the effect of glucagon-like peptide-1 (7–36) amide on
ad libitum energy intake in humans. J Clin Endocrinol Metab
86, 4382–4389.

10 J. D. Watkins et al.

https://doi.org/10.1017/S0007114524000321 Published online by Cam
bridge U

niversity Press

https://www.wessexwater.co.uk/help-and-advice/your-water/water-quality/postcode-results?postcode=BA2+7AY
https://www.wessexwater.co.uk/help-and-advice/your-water/water-quality/postcode-results?postcode=BA2+7AY
https://www.wessexwater.co.uk/help-and-advice/your-water/water-quality/postcode-results?postcode=BA2+7AY
https://www.wessexwater.co.uk/help-and-advice/your-water/water-quality/postcode-results?postcode=BA2+7AY
https://www.wessexwater.co.uk/help-and-advice/your-water/water-quality/postcode-results?postcode=BA2+7AY
https://doi.org/10.1017/S0007114524000321

	Effects of physical form of &beta;-lactoglobulin and calcium ingestion on GLP-1 secretion, gastric emptying and energy intake in humans: a randomised crossover trial
	Methods
	Experimental design
	Pre-trial standardisation
	Trial days
	Test solutions
	Blood sampling and analysis
	Subjective appetite ratings
	Gastric emptying and aspiration
	Statistical analysis

	Results
	Plasma glucagon-like peptide-1 and peptide tyrosine-tyrosine concentrations
	Plasma insulin, amino acid and dipeptidyl peptidase-IV concentrations
	Gastric emptying and gastric pH
	Appetite ratings and energy intake
	Standardisation and blinding

	Discussion
	Acknowledgements
	References


