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Abstract

Gastrointestinal hormones and Ca are associated with bone metabolism. The objective of the present human study was to determine the

effect of calcium phosphate on the postprandial circulation of gastrointestinal hormones. A total of ten men participated in the present

double-blind, placebo-controlled, cross-over study. The participants were divided into two groups. Of these, one group consumed

bread enriched with 1 g Ca (pentacalcium hydroxy-triphosphate, CaP) daily for 3 weeks. The other group consumed placebo bread.

After 2 weeks of washout, the intervention was changed between the groups for another 3 weeks. The subjects consumed a defined

diet at the beginning (single administration) and at the end (repeated administration) of the intervention periods, and blood samples

were drawn at 0, 30, 60, 120, 180 and 240 min. Between 0 and 30 min, the participants consumed a test meal, with or without CaP.

The concentrations of gastrointestinal hormones (glucose-dependent insulinotropic polypeptide, glucagon-like peptide (GLP) 1 and

GLP2), insulin and glucose were determined. The AUC of GLP1 (total and active) and GLP2 increased significantly after the repeated

CaP administrations compared with that after placebo administration. The AUC of insulin and glucose showed no differences between

the CaP and placebo administrations. CaP affects the postprandial plasma concentrations of gastrointestinal hormones through the

modulation of the intestinal environment, e.g. bile acids and microbiota.
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Glucagon-like peptides

Glucose-dependent insulinotropic polypeptide (GIP) and glu-

cagon-like peptides 1 and 2 (GLP1 and GLP2) are well-known

gastrointestinal hormones(1,2). GIP is a peptide hormone with

forty-two amino acid residues and is secreted by K-cells of the

small intestine(3,4). GLP1 and GLP2 are thirty-one-amino acid

hormones secreted by L-cells of the small intestine(5). The

established function of GIP and GLP1 is lowering of glucose

levels after ingestion of carbohydrates, proteins and fat and

is based on insulin stimulation in the pancreas(1). In addition,

both GIP and GLP1 receptors have been found in many other

human organs, e.g. brain, bone, adipose tissue and heart(6).

GLP2 has several physiological functions such as decreasing

gastric acid secretion, inhibiting antral gastric emptying, up-

regulating intestinal blood flow and exerting trophic effects

on the intestinal mucosa as well as positive effects on nutrient

absorption(7).

GIP together with GLP1 and GLP2 is associated with bone

metabolism. GIP stimulates bone formation by inhibiting the

apoptosis of osteoblasts(8). Furthermore, GIP decreases both

the activity of alkaline phosphatase in osteoblast-like cells

and the expression of collagen type 1(9). GLP1 has no direct

effect on bone remodelling cells, although indirect mechan-

isms through the up-regulation of calcitonin have been

described(10). A subcutaneous injection of GLP2 in postmeno-

pausal women results in a decrease in the levels of bone

resorption markers(11,12).

Since dietary Ca has beneficial effects on bone meta-

bolism(13,14) and GIP, GLP1 and GLP2 are associated with

bone metabolism, the aim of the present study was to

determine the interaction between calcium phosphate and

gastrointestinal hormones.

Subjects and methods

Supplement

For the purposes of supplementation, we used pentacal-

cium hydroxy-triphosphate (Ca5(PO4)3OH; Chemische Fabrik

Budenheim KG) in the present study. CaP was incorporated

into whole-wheat bread to achieve an additional Ca intake
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of 1 g/d. The participants consumed approximately 135 g of this

bread daily. Placebo bread was prepared exactly in the same

manner, but without the CaP supplement.

Subjects

The study was conducted between July and September

2010 in the Institute of Nutrition, Department of Nutritional

Physiology, at the Friedrich Schiller University, Jena. A total

of ten omnivorous men participated in the present double-

blind, placebo-controlled, cross-over study. Eligibility criteria

for the participants included age between 20 and 35 years

and good physical health. Furthermore, the participants had

to stay at the blood-withdrawal centre for at least 5 h between

07.30 and 12.30 hours. The volunteers were provided with

detailed information regarding purpose, course and possible

risks involved in the study. The present study was conducted

according to the guidelines laid down in the Declaration

of Helsinki, and all procedures involving human subjects

were approved by the Ethical Committee of the Friedrich

Schiller University, Jena (no. 2833-05/10). Written informed

consent was obtained from all the subjects. Of the initial ten

volunteers, one participant dropped out due to personal

reasons. The study flow chart and the baseline characteristics

of the nine participants have been published previously(15).

Briefly, the participants who completed the study were aged

27 (SD 4) years and had a BMI of 23·1 (SD 2·3) kg/m2. The

main study outcomes comprised blood concentrations of

GLP1 (total and active), GLP2, GIP, insulin and glucose. The

present trial was registered at www.clinicaltrials.gov (identifier:

NCT01296997).

Study design

The details of the study design have been published pre-

viously(15). The participants were divided into two groups.

For a period of 3 weeks, one group consumed bread contain-

ing CaP, whereas the other group consumed the placebo

product. This was followed by a 2-week washout phase. There-

after, the intervention was changed between the two groups

for a further 3 weeks. Thus, the study design allowed every

participant to act as his own control. The intervention periods

were divided into two parts. Blood samples were collected

from the study participants at the beginning of the study after

a single consumption of supplemented bread or placebo

(single administration). Thereafter, blood was collected at the

end of the 3-week study period, during which the participants

consumed either supplemented bread or placebo on a daily

basis (repeated administration). Consequently, the study

entailed four types of administrations: singleCaPadministration;

single placebo administration; repeated CaP administration;

repeated placebo administration. In addition, the participants

consumed a defined diet for 3 d before each blood sample

was collected.

The defined diet, containing the complete food supply for

3 d, was prepared and pre-weighed in the study centre. The

subjects were instructed to consume only the food that was

provided. Any food residues were weighed and food intake

was calculated.

Fasting blood samples were collected from the study partici-

pants at the Institute of Transfusion Medicine, Jena University

Hospital. Blood samples were drawn after 0, 30, 60, 120, 180

and 240 min, immediately cooled and transported to the

study centre.

Between the time points 0 and 30 min, the participants

consumed a test meal. The test meal consisted of bread with

or without CaP (according to the intervention), 20 g butter,

25 g ham, 15 g sweet hazelnut spread and a banana. During

the 240 min time point, the participants were allowed to

drink water ad libitum.

Sample preparation

Samples of each food component of the defined diet were

frozen and stored at 2208C until analysis.

For the analysis of the gastrointestinal hormones GLP1

(total and active), GIP and GLP2, blood was collected in

EDTA-coated tubes, to which dipeptidyl peptidase-IV inhibitor

(Millipore) was added before sampling. After centrifugation

at 1000 g for 10 min at 88C, plasma was aliquoted and

frozen at 2808C. For glucose analysis, blood was collected

in EDTA-fluoride tubes, centrifuged at 2000 g for 10 min at

208C, aliquoted and analysed. Insulin analysis was performed

using serum immediately after blood sampling. Aliquots were

frozen at 2808C until analysis.

Food analysis

The intakeof energy, fat, proteins and carbohydrates was verified

using the Prodiw 5.4 software (Nutri-Science GmbH). For the

intake of minerals, the respective contents in the provided

foods were analysed instead of using the calculation software.

Mineral contents of all the food samples were determined

employing the iCAP 6000 ICP Spectrometer (Thermo Scientific).

Before analysis, the samples were ashed at 5258C. The ash was

dissolved in HCl (25%) and diluted with distilled water.

Biochemical analyses

The concentration of total GIP was determined using ELISA

(IBL) according to the manufacturer’s instructions. The GIP

assay was specific to the active form GIP 1–42 and had a

cross-reactivity of about 18 % to the inactive form GIP 3–42.

The intra- and inter-assay CV for GIP were ,5 and ,7 %,

respectively. Blood samples collected at time points 30, 60

and 120 min were diluted with a buffer (1:5).

The concentrations of total GLP1 (7–36 and 9–36), active

GLP1 (7–36) and GLP2 were determined using ELISA

(ALPCO Diagnostics) according to the instructions given in

the manual. The total GLP1 assay was 100 % specific to

GLP1 7–36 and 9–36 and ,0·1 % specific to GLP1 9–37,

7–37 and 1–36, GLP2 and glucagon. The intra- and inter-

assay CV for total GLP1 were ,5 and ,10 %, respectively.

The active GLP1 assay was 100 % specific to GLP1 7–36 and

,0·1 % specific to GLP1 9–36, 9–37, 7–37 and 1–36, GLP2
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and glucagon. The intra- and inter-assay CV for active GLP1

were ,6 and ,6 %, respectively. The GLP2 assay was

highly specific to human GLP2 and showed no cross-reactivity

with glucagon or GLP1. The intra- and inter-assay CV for

GLP2 were ,5 and ,17 %, respectively.

The concentration of glucose was determined by means

of the autoanalyser ARCHITECT C16000 (Abbott) according

to the methods of the Institute of Clinical Chemistry and

Laboratory Medicine, Jena University Hospital. The intra- and

inter-assay CV for glucose were ,2 and ,3 %, respectively.

The concentration of insulin was measured using a two-

site sandwich immunoassay employing the ADVIA Centaur

test instrument (Siemens) according to the methods of

the Institute of Clinical Chemistry and Laboratory Medicine,
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Fig. 1. Concentrations and AUC of glucagon-like peptides (GLP) 1, GLP2 and glucose-dependent insulinotropic polypeptide (GIP). n 9 for total GLP1, active

GLP1 and GLP2; n 8 for GIP. Values are means; AUC values are means, with standard deviations represented by vertical bars. , Placebo; , pentacalcium

hydroxy-triphosphate (CaP) supplementation; , significant differences compared with baseline after CaP supplementation (P#0·05); , significant differences

compared with baseline after placebo administration (P#0·05). * Mean value was significantly different from that of placebo administration (P#0·05). The effects

of time and supplementation were tested using paired Student’s t test. , Placebo administration; , CaP administration.
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Jena University Hospital, Friedrich Schiller University Jena.

Proinsulin, C-peptide, gastrin-1, glucagon and secretin had

no significant effect on insulin values. The intra- and inter-

assay CV for insulin were ,5 and ,6 %, respectively.

Statistical analysis

Samples from each participant were coded to protect volun-

teer identity and to mask treatment groups during the analysis.

All values given in the tables are expressed as means and stan-

dard deviations. For reasons of clarity and comprehensibility,

values in the figures are expressed only as means. Statistical

analysis was performed using the statistical software package

PASW Statistics 18 (SPSS, Inc.). Differences were considered

significant at P#0·05. The effect of time was tested,

comparing with baseline, using paired Student’s t test. The

effect of supplementation was tested using paired Student’s

t test. The sample size for Ca and phosphate was nine. The

results for GIP are given for eight subjects due to analytical

problems with the concentration of GIP of one subject.

Results

The nutrient intakes of the test meal and the defined diet

have been published previously(15). The additional intakes

of Ca and P from the CaP bread were 1104 and 519 mg/d,

respectively.

Gastrointestinal hormones

The concentrations and the AUC of total GLP1, active GLP1,

GLP2 and GIP are shown in Fig. 1.

Total glucagon-like peptide 1. The concentration of total

GLP1 increased after single CaP administration significantly

from 0 to 30 min (P¼0·025), 60 min (P¼0·002), 120 min

(P¼0·002) and 180 min (P¼0·043). The concentration of

total GLP1 after placebo administration increased after

30 min (P¼0·039) compared with that at 0 min. After the

repeated CaP administrations, the concentration of total

GLP1 increased significantly after 30 min (P¼0·013), 60 min

(P¼0·012) and 180 min (P¼0·006) compared with that at

0 min. After placebo administration, the concentration of

total GLP1 increased after 30 min (P¼0·011), 60 min

(P,0·000), 120 min (P¼0·001), 180 min (P¼0·004) and

240 min (P¼0·024) compared with that at 0 min. At 30 min,

the concentration of total GLP1 was significantly higher after

CaP supplementation than after placebo administration

(P¼0·005). The AUC of total GLP1 was significantly higher

after the repeated CaP administrations than after placebo

administration (P¼0·022; Fig. 1).

Active glucagon-like peptide 1. The concentration of

active GLP1 increased significantly after single CaP adminis-

tration after 30 min (P¼0·003), 60 min (P¼0·005), 120 min

(P¼0·000), 180 min (P¼0·007) and 240 min (P¼0·034) com-

pared with that at 0 min. After placebo administration,

there was a significant increase after 30 min (P¼0·030) and

60 min (P¼0·025). Besides, the concentration of active

GLP1 at 120 min (P¼0·026) was significantly higher after

CaP administration in comparison with that after placebo

administration. The repeated CaP administrations resulted

in an increased concentration of active GLP1 after 30 min

(P¼0·023) and 60 min (P¼0·047) compared with that at

0 min. After repeated placebo administrations, the concen-

tration increased significantly after 30 min (P¼0·003), 60 min

(P¼0·006), 120 min (P,0·000) and 180 min (P¼0·016) in

comparison with that at 0 min. The concentration after CaP

supplementation was significantly higher at time point

240 min (P¼0·043) compared with that after placebo supple-

mentation. The AUC after the repeated CaP administrations

was significantly higher than that after placebo administration

(P¼0·044) (Fig. 1).

Glucagon-like peptide 2. After single CaP administration,

there was a slight, but significant increase in the concentration

of GLP2 after 180 min (P¼0·010) and 240 min (P¼0·048) com-

pared with that at 0 min. The single placebo as well as the

repeated CaP administrations led to no significant changes.

The repeated placebo administrations led to a significant

increase after 30 min (P¼0·023). The AUC of GLP2 after the

repeated CaP administrations was significantly higher than

that after placebo administration (P¼0·032) (Fig. 1).

Glucose-dependent insulinotropic polypeptide. Both the

single and repeated administrations led to an increase in the

concentration of GIP (Fig. 1). There were no differences

between the CaP and placebo administrations.

Glucose and insulin

Both the single and repeated administrations led to an

increase in the concentrations of glucose and insulin (Fig. 2).

The AUC of glucose and insulin showed no significant differ-

ences between the placebo and CaP supplementation.

Discussion

Ca is often associated with bone health in the literature.

Calcium phosphate, in particular, is often discussed in this

regard due to its intestinal actions with respect to the for-

mation of amorphous calcium phosphate and the precipitation

of intestinal substances such as bile or fatty acids(16–18). In the

present study, the effect of CaP on the secretion of gastro-

intestinal hormones was determined.

To the best of our knowledge, there are no human inter-

vention studies available in the literature examining the role

of calcium phosphate in the secretion of gastrointestinal

hormones. Only Lorenzen et al.(19) investigated the effect of

dietary Ca or supplementary Ca (calcium carbonate) intake

on postprandial fat metabolism, appetite and subsequent

energy intake. Although the study showed a significant inter-

action between meals and time of GLP1 secretion, according

to the authors, this association was due to an inexplicably

high concentration of GLP1 after 60 min and was not influ-

enced by the Ca supplement(19). Nevertheless, Ca and the

gastrointestinal hormones GIP, GLP1 and GLP2 are associated

with bone metabolism(8,10,20,21). There are two means by which

Ca could influence the secretion of gastrointestinal hormones

after meal ingestion: directly following the consumption of
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a Ca-rich meal and indirectly through the modulation of

the intestinal environment after long-term Ca administration.

Tsukiyama et al.(9) determined that GIPR knockout mice had

similar concentrations of plasma Ca before meal ingestion

but higher levels after meal ingestion compared with normal

mice. The authors assumed that GIP directly links dietary Ca

to Ca deposition in bone(9). This mechanism has not been

explained to date, and it is not known whether Ca influences

the secretion of gastrointestinal hormones or vice versa.

Furthermore, Toyota et al.(22) elucidated that hypercalcaemia

might have stimulatory effects on glucose-induced GIP

release. These two publications point to a direct effect of

Ca on the secretion of gastrointestinal hormones. However,

based on the results of the present study, a direct effect can

be excluded, as there was no difference between the single

CaP and placebo administrations. Moreover, the supplemen-

tation did not lead to a hypercalcaemic status(15).

Significant increases in the concentrations of gastrointestinal

hormones were observed after the repeated CaP adminis-

trations. Thus, an indirect effect of CaP is plausible. Several

studies have shown the ability of CaP to form an amorphous

calcium phosphate complex that is able to precipitate intesti-

nal substances, such as fatty acids and bile acids(17,23,24).

The formation and precipitation lead to several physiological

changes in the human gut, e.g. modulation of microbiota

and bile acid profile(23,25–28). Katsuma et al.(29) observed

that bile acids promote the secretion of GLP1 in a murine

enteroendocrine cell line STC-1 through a G protein-coupled

receptor, TGR5. Furthermore, in a randomised controlled

study carried out by Beysen et al.(30), the effect of bile acid

sequestrants on glucose metabolism was determined in

patients with type 2 diabetes. Bile acid sequestrants (e.g. cole-

sevelam and cholestyramine) form non-absorbable complexes

with bile acids in the gastrointestinal tract, which leads to

the interruption of their enterohepatic circulation, thereby

promoting their faecal excretion(31). Bile acid sequestrants

are used as therapeutic agents for lowering LDL-cholesterol

levels. In the study of Beysen et al.(30), the bile acid seques-

trant colesevelam increased the concentrations of total GLP1

and GIP and the synthesis of cholesterol and bile acids and

decreased the concentration of fibroblast growth factor-19.

The authors assumed that bile acids activate the TGR5 recep-

tor, which is expressed in enteroendocrine L-cells, and stimu-

late the secretion of GLP1. The authors supposed either a link

between the composition of the bile acid pool or the change

to a more hydrophilic bile acid pool by colesevelam to be

responsible for these mechanisms(31). In the present study,

CaP acted as a bile acid sequestrant. In fact, the ability of

amorphous calcium phosphate to precipitate bile acids in

the intestine has been reported previously by in vitro (24,28)

and in vivo (18) studies. Furthermore, in a double-blind,

placebo-controlled, cross-over study, Ditscheid et al.(25)

showed a significant increase in the excretion of bile acids

after CaP supplementation compared with that after placebo

supplementation and linked this to the precipitation of

bile acids to amorphous calcium phosphate. The indirect

effect of CaP via amorphous calcium phosphate is supported

by the fact that only GLP1 and GLP2, but not GIP, were

influenced significantly. The formation of amorphous calcium

phosphate and the interaction with bile acids increase during
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Fig. 2. Concentrations and AUC of glucose and insulin. Values are means; AUC values are means (n 9), with standard deviations represented by vertical bars.

, Placebo; , pentacalcium hydroxy-triphosphate (CaP) supplementation; , significant differences compared with baseline after CaP supplementation

(P#0·05); , significant differences compared with baseline after placebo administration (P#0·05). The effects of time and supplementation were tested using

paired Student’s t test. , Placebo administration; , CaP administration.
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the gastrointestinal passage (pH dependent)(32). Therefore,

CaP may influence only the gastrointestinal hormones that

are secreted in the distal small intestine (GLP1 and GLP2).

Another explanation for the increased secretion of gastro-

intestinal hormones after repeated CaP supplementation is

the modulation of the intestinal microbiota(23,26). Through a

change in the microbiota, there may be an increase in SCFA

production. SCFA can stimulate the release of GLP2 in the

gut of patients with short bowel syndrome(33). Additionally,

there are hints in the literature that point to an association

between dietary prebiotics and a rise in the concentrations

of gastrointestinal hormones due to an increase of colonic

fermentation products(34,35).

The changes in the secretion of gastrointestinal hormones

after repeated CaP supplementation did not affect insulin

and glucose metabolism. Both insulin and glucose showed

a normal postprandial response, as published in the litera-

ture(36–38). Different gastrointestinal hormones have diverse

target sites and, thus, it is likely that this modulation affects

actions such as bone metabolism.

In conclusion, this is the first human study to investigate the

effect of supplemental CaP on the postprandial concentrations

of GIP, GLP1 and GLP2. From the present results, we conclude

that CaP stimulates the secretion of gastrointestinal hormones

through the modulation of the intestinal environment.
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