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ABSTRACT
Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-2 (GLP-2) are gut hormones secreted postprandially.
In healthy humans, both hormones decrease bone resorption accompanied by a rapid reduction in parathyroid hormone (PTH). The
aim of this study was to investigate whether the changes in bone turnover after meal intake and after GIP- and GLP-2 injections,
respectively, are mediated via a reduction in PTH secretion. This was tested in female patients with hypoparathyroidism given a stan-
dardized liquid mixed-meal test (n = 7) followed by a peptide injection test (n = 4) using a randomized crossover design. We
observed that the meal- and GIP- but not the GLP-2-induced changes in bone turnover markers were preserved in the patients with
hypoparathyroidism. To understand the underlying mechanisms, we examined the expression of the GIP receptor (GIPR) and the
GLP-2 receptor (GLP-2R) in human osteoblasts and osteoclasts as well as in parathyroid tissue. The GIPR was expressed in both human
osteoclasts and osteoblasts, whereas the GLP-2R was absent or only weakly expressed in osteoclasts. Furthermore, both GIPR and
GLP-2R were expressed in parathyroid tissue. Our findings suggest that the GIP-induced effect on bone turnover may be mediated
directly via GIPR expressed in osteoblasts and osteoclasts and that this may occur independent of PTH. In contrast, the effect of
GLP-2 on bone turnover seems to depend on changes in PTH and may be mediated through GLP-2R in the parathyroid gland. ©
2021 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone
and Mineral Research (ASBMR).
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Introduction

Gastrointestinal hormones secreted after meal ingestion
have been suggested as mediators in the gut–bone

axis.(1–8) In particular, glucose-dependent insulinotropic

polypeptide (GIP) and glucagon-like peptide 2 (GLP-2) seem to
be potent inhibitors of bone resorption in humans.(2–6,9–12) Thus,
exogenously administered GIP as well as GLP-2 reduce bone
resorption, as estimated from serum concentrations of collagen
type 1 C-terminal telopeptide (CTX), to 60% to 50% of baseline
with a maximal effect reached after approximately 90 minutes
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for GIP and 180 minutes for GLP-2.(12) Importantly, the bone
effects of both GIP and GLP-2 are of clinical relevance because
individuals with altered GIP receptor (GIPR) activity due to a spe-
cific mutation (Glu354Gln[rs1800437]) that desensitizes the
receptor(13) have decreased bone mineral density (BMD) and a
more than 50% increased risk of non-vertebral fractures,(14)

whereas exogenous GLP-2 has been found to increase BMD
dose-dependently in postmenopausal women with low BMD.(5)

In addition to its antiresorptive effect, GIP seems to induce a
small increase in bone formation as reflected by increased serum
levels of procollagen type 1 N-terminal propeptide
(P1NP).(11,12,15) Thus, an important feature of GIP is its ability to
uncouple bone resorption and bone formation, which are nor-
mally tightly coupled.(16)

At the cellular level, GIPR expression has been described in a
murine osteoclast-like cell line(17) and on human osteoblast-like
cells,(18) supporting the notion of a direct effect of GIP on bone
cells. Expression of the GLP-2 receptor (GLP-2R) on bone cells
has, so far, only been reported in a single study, where it was
found on osteoblast-like cell lines (MG-63 and TE-85) derived
from osteosarcomas displaying features of immature osteo-
blasts.(19) Whether the GLP-2R is expressed on mature human
osteoblasts or in osteoclasts is therefore an open question and
the mechanism behind the effect of GLP-2 on bone is unex-
plained. The modulation of bone turnover in response to exoge-
nous injection of GIP and GLP-2 is accompanied by a sudden and
drastic decrease in parathyroid hormone (PTH); a similar
decrease is observed after meal ingestion.(11,12,20–23) The extent
to which the effects of GIP or GLP-2 on bone turnover are medi-
ated via a reduction in PTH is unknown.

In this study, we first conducted a meal test to investigate the
acute responses to meal intake on the markers of bone turnover
(CTX and P1NP), GIP, and GLP-2 in patients with hypoparathy-
roidism. Second, we gave injections of GIP and GLP-2 to the
patients after a fasting period to investigate whether the acute
effects of exogenous GIP and GLP-2 on bone turnover were
dependent on changes in PTH. We included patients with surgi-
cal hypoparathyroidism (due to complete thyroidectomy) with
low or undetectable levels of PTH to eliminate PTH-mediated
effects on bone turnover. We hypothesized that the effect of
GIP and GLP-2 on bone resorption (measured by CTX) would
be lost in the patients if it was dependent on an inhibition of PTH.

Furthermore, we examined human parathyroid tissue for
expression of GIPR and GLP-2R to evaluate the possibility of
direct effects of GIP and GLP-2 on PTH secretion as an explana-
tory factor for their effects on bone. This was combined with an
examination of the expression of GIPR and GLP-2R in in vitro cul-
tured human osteoblasts and osteoclasts.

Materials and Methods

Human study participants and procedures

Participants with chronic hypoparathyroidism due to total thy-
roidectomy were recruited from Hvidovre Hospital, Denmark.
Both men and women were eligible for inclusion. Exclusion cri-
teria were diabetes, use of recombinant PTH replacement, anti-
osteoporotic medication, or corticosteroid therapy within the
last year, pregnancy, prior history of malabsorptive disease (eg,
celiac, inflammatory bowel disease, or bariatric surgery), allergy
to the interventional substances, or Hgb <7 mmol/L. Participants
were studied during a meal test, and thereafter they were asked
to participate in peptide test days. There was at least 1 week

between the meal test and the peptide tests. The peptide test
consisted of three separate test days (in a randomized crossover
design) with subcutaneous injections of exogenous GIP, GLP-2,
or placebo, respectively (no meals were served during the pep-
tide test days) (Fig. 2A). Apart from the applied stimuli, the proce-
dures for the test days were similar. Experiments were
conducted at Hvidovre Hospital, Denmark. Participants refrained
from strenuous physical activities and ingestion of alcohol for
2 days before each study day. On study days, participants arrived
at 8:00 a.m. after fasting at least 10 hours. Medication through-
out the fasting period and during the test day was avoided if pos-
sible. Participants were resting in a hospital bed during the test
day with a catheter inserted in a cubital vein for blood sampling.
Blood samples were drawn at time points �10, �5, 7, 15, 30, 45,
60, 90, 120, 150, 180, 210, and 240 minutes relative to the inges-
tion of the Nutridrink (meal test) or the subcutaneous injection
(peptide test).

Meal test

A 200 mL liquid mixed meal (Nutridrink, N.V. Nutricia, Zoetem-
eer, The Netherlands) containing 1260 kJ, carbohydrate 49 E%,
protein 16 E%, fat 35 E%, and 91 mg calcium/100 mL was
ingested at approximately 8:30 a.m. (t = 0 minutes).

Peptide test

We conducted a cross-over study with a balanced design
(a Williams design). A list of the sequences was generated by a
computer and participants were randomly assigned to the
sequences. All participants were studied on the three study days:
GIP, GLP-2, and placebo, which were separated by at least
1 week. Participants were blinded to the order of the injections.
At approximately 8:30 a.m. (t = 0 minutes), GIP 100 μg, GLP-2
400 μg, or placebo was subcutaneously injected in the umbilical
region.

Synthetic human GIP(1-42) was from PolyPeptide (Strasbourg,
France) and synthetic human GLP-2(1-33) was from Bachem
(Bubendorf, Switzerland), bothwith a purity above 97%. Peptides
were dissolved in sodium hydrogen carbonate buffer with 0.5%
human serum albumin to a final peptide concentration of
100 μg/mL for GIP and 400 μg/mL for GLP-2. One-milliliter vials
were prepared by The Capital Region Pharmacy (Herlev,
Denmark) and stored at �20�C. Placebo injection was 1 mL of
saline (NaCl 9 mg/mL).

Blood samples

Blood for plasma preparation was collected in chilled EDTA tubes
with added dipeptidyl peptidase-4 inhibitor (valine pyrrolidide)
to a final concentration of 0.01 mmol/L and kept on ice. Blood
for serum was collected in clot activator tubes and kept at room
temperature for 30 minutes for coagulation. Tubes were centri-
fuged 10 minutes at 1200g at 4�C. Plasma and serum samples
were stored at �20�C until measurements.

Measurements

Blood pressure and heart rate were measured using a standard
blood pressure monitor (Omron M6, Intelli Sense, Omron Health-
care Europe B.V., Hoofddorp, The Netherlands). Glucose was
measured with the glucose oxidase method using a YSI (YSI
model 2300D STAT plus analyzer, YSI Inc., Yellow Springs, OH,
USA). Serum insulin and C-peptide were measured by sandwich
immunoassay (Advia Centaur XP, Siemens, Munich, Germany).
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Plasma concentrations of GIP and GLP-2 were measured by in-
house radio-immunoassays. Total GIP was measured using an
antibody directed toward the C-terminal (code no. 80867), which
reacts fully with intact and N-terminally truncated GIP. Intact GIP
was measured using an antibody that reacts with the N-terminal
of intact GIP (code no. 98171). The standard used was human GIP
(Bachem, catalog no. H-5645) and the tracer was 125I-labeled
human GIP (Perkin Elmer, Waltham, MA, USA; catalog
no. Nex402). Intact GLP-2 was measured using an antibody
specific for the intact N-terminus of GLP-2 (code no. 92160).
The standard was recombinant human GLP-2 and the tracer
was 125I-labeled rat GLP-2 with an Asp33 to Tyr33 substitution.
Sensitivity for all assays was below 5 pmol/L and intra-assay coef-
ficient of variation was below 10%. Serum CTX, P1NP, and intact
PTH were measured using the chemiluminescence technology
on an IDS-iSYS Multi-Discipline Automated System (Immuno-
diagnostic Systems, Frankfurt am Main, Germany). The report-
able range for CTX (code IS-3000) is 0.33 to 6.000 ng/mL and
the expected values for women is 0.0034 to 1.037 ng/mL. The
reportable range for P1NP (code IS-4000) is 2 to 230 ng/mL with
expected values for normal adults 27.7 to 127.6 ng/mL. The
reportable range for PTH (code IS-3600) is 5 to 5000 pg/mL with
expected values for normal adults 11.5 to 78.4 pg/mL.

Expression of the GIP and GLP-2 receptor in parathyroid
tissue

The data regarding the relative expression of GLP-1R, GIPR, and
GLP-2R among normal human parathyroid glands were derived
from our previous comparative transcriptome analysis (PMID:
27760455, 21393447), deposited at Gene Expression Omnibus
(GEO accession: GSE83421).

Gene expression analyses in osteoblast and osteoclast
cultures

To determine the expression of GIPR and GLP-2R in osteoblasts, a
well-characterized human bone marrow stromal (mesenchymal)
stem cell line (hMSC-TERT) was employed to obtain osteoblast
cultures.(24,25) hMSCwere cultured in a standard growthmedium
containing minimal essential medium (MEM) (Gibco Invitrogen,
Carlsbad, CA, USA) supplemented with 10% FBS (Biochrom,
Cambridge, UK) and 1% penicillin/streptomycin (Gibco Invitro-
gen) at 37�C in a humidified atmosphere containing 5% CO2.
The medium was changed every third day until the cells became
90% confluent. For osteoblast differentiation, cells were seeded
at 20,000 cells/cm2 and the day after, osteoblast differentiation
was induced by supplementing the hMSC culture media with
10 mM β-glycerophosphate (Calbiochem-Merck, Darmstadt,
Germany), 50 μg/mL L-ascorbic acid-2-phosphate (Wako Chemi-
cals GmbH, Neuss, Germany), 10 nM dexamethasone (Sigma-
Aldrich, Soborg, Denmark), and 10 nM calcitriol (1.25-dihydroxy
vitamin-D3 kindly provided by Leo Pharma, Ballerup,
Denmark).(26) Gene expression analyses were done using Affy-
metrix (Santa Clara, CA, USA) Human GeneChip U133 Plus 2.0
arrays in hMSC cultures at the baseline (day 0) and 6 and 12 days
after induction of osteoblast differentiation. To determine the
expression of GIPR and GLP-2R in osteoclasts, a publicly available
data set (GSE107295) was employed, in which gene expression
analysis was done using Affymetrix Human GeneChip U133 Plus
2.0 Array in osteoclast cultures established by CSF 1 (33 ng/mL)
and RANKL (66 ng/mL) treatment of osteoclast precursors.(27)

We also determined expression of GIPR and GLP-2R mRNA in

mature osteoclasts, where human CD14+ monocytes were iso-
lated from buffy coats obtained from blood donations from
healthy women aged 18 to 49 years (n = 8). Monocytes were
seeded in T25 cell culture flasks (1.67 � 106 cells/flask) stored
in an incubator (37�C, 5% CO2) and differentiated into mature
osteoclasts (t = 10 days) using minimal essential medium α
(Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (Sigma-
Aldrich, Seelze, Germany) and stimulated with macrophage
colony-stimulating factor (MCSF) (R&D Systems, Minneapolis,
MN, USA), 25 ng/mL. Media that contained MCSF and receptor
activator of NF-κB ligand (RANKL) (R&D Systems), 25 ng/mL each,
were changed on days 3, 6, and 8.(28,29)

Analyses of gene expression by RNA-sequencing

Primary mature human osteoclasts were harvested in TRIzol
(Thermo Fisher Scientific). RNA was purified using Econo Spin
columns (Epoch Life Science, Missouri City, TX, USA). RNA-
sequencing was performed according to manufacturer’s instruc-
tions (TruSeq 2, Illumina, San Diego, CA, USA) using 2 μg RNA for
preparation of cDNA libraries. Sequencing reads were mapped
to the human genome (hg19) using STAR,(30) and tag counts
were summarized at the gene level using HOMER.(31) Differential
gene expression was analyzed using DESeq2.(32) Gene ontology
analysis was performed using goseq.(33)

Statistics

Primary outcome of the human study was bone resorption mea-
sured as CTX. CTX and P1NP levels were presented as percentage
of baseline (mean of t = �10 minutes and t = �5 minutes). The
changes after peptide administrations were analyzed using a
related-samples Friedman’s two-way analysis of variance by
ranks (non-parametric test) and if relevant, followed by post
hoc pairwise comparison between the groups to evaluate differ-
ences at specific time points. Differences in baseline values
between test days were analyzed by Friedman test (non-
parametric test). Participants’ baseline characteristics are
presented as median and range. Results are presented as
mean � SEM. When measurements were below the detection
limit, the detection limit was entered. Two-sided p values <0.05
were considered statistically significant. All statistical analyses
and graphs were made in SPSS Version 26 for Mac (IBM, Armonk,
NY, USA) and GraphPad Prism Version 7.00 for Windows
(GraphPad Software, La Jolla, CA, USA). The sample size was
determined based on previous studies.(2,6,9,12)

Study approval

The study was conducted according to Declaration of Helsinki
principles. The Scientific Ethical Committee of the Capital Region
of Denmark approved the study (protocol no. H-16047626), and
it was registered at the Danish Data Protection Agency (journal
no. SUND-2017-21) and at ClinicalTrials.gov (NCT03728959). All
participants gave written informed consent before inclusion in
the study.

Results

Seven female participants were included in the meal test, and
4 of these also completed the subsequent peptide test, where
GIP, GLP-2, or placebo, respectively, was administered
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subcutaneously on separate study days. Patients were recruited
and tested from August 2019 to February 2020. Only women
volunteered to participate. Blood samples were drawn in the
fasting state and regularly for 240 minutes after the intervention
(Fig. 2A). Baseline characteristics of participants are listed in
Table 1. In the meal test, 5 of the 7 participants were postmeno-
pausal. In the peptide test, 3 of the 4 participants were postmen-
opausal. Four participants were not able to skip all their
medication and took necessary medication (judged by their phy-
sician and the participant) the night before the test day and/or in
the morning on the test day. For further information regarding
medication, see Table 2 and Supplemental Table S1.

During themeal test, a normal postprandial response with
lowering of bone resorption was found in patients with
hypoparathyroidism

Participants in the meal test had a median age of 54 (range 40 to
75) years and amedian bodymass index (BMI) of 23.6 (range 19.8
to 30.1) kg/m2. All participants had low basal plasma levels of
intact PTH with a median of 10 � 3.8 (range <5 to 24.7) pg/mL
(expected values for normal adults are 11.5 to 78.4 pg/mL). The
clinical characteristics of participants are shown in Table 1.

Plasma concentrations of total GIP and intact GLP-2 increased
after the meal as expected. GIP plasma level increased from a
basal level 17 � 3.5 pmol/L (mean � SEM) to a maximum of
69 � 10 pmol/L reached at t = 45 minutes and then decreased
toward the basal level toward the end of the test (Fig. 1A).
GLP-2 plasma level increased from 18 � 2.5 pmol/L to a maxi-
mum of 30 � 4.3 pmol/L reached at t = 15 minutes and
returned to the baseline level within 1 hour (Fig. 1B).

Insulin and C-peptide increased after the meal with a peak
value around t = 60 minutes (�250 pmol/L insulin and
�1500 pmol/L C-peptide) followed by a decrease to the baseline
level (Fig. 1C, D). Glucose rose modestly from a basal concentra-
tion of 5.0 � 0.1 mmol/L to a peak concentration of
6.2 � 0.5 mmol/L at t = 60 minutes and then decreased to
4.6 � 1.8 mmol/L (Fig. 1E).

Changes in blood pressure and heart rate were also observed.
A decrease in systolic blood pressure from 143 � 6.7 to
126 � 6.1 mmHg and diastolic blood pressure from 85 � 4.4
to 75 � 6.8 mm Hg was observed after the meal, while the heart
rate increased from 66 � 4.6 to 71 � 4.8 bpm (Table 3).

After the meal, a small and insignificant decrease in PTH to
7.5 � 2.9 pg/mL was observed (Fig. 1F). Three of the participants
had basal PTH levels below the detection limit of the assay
(below 5.0 pg/mL).

Regarding the biochemical markers of bone resorption (CTX)
and bone formation (P1NP), all participants responded to the
meal with a marked decrease in CTX to a mean � SEM of
55.5 � 17.1% of baseline reached at t = 120 minutes and then
returned toward the baseline level (Fig. 1G). Absolute basal value
of CTX was 0.45 � 0.15 ng/mL. P1NP increased to a maximum of
108 � 8.9% of baseline reached at t = 30 minutes and hereafter
P1NP stayed near the baseline level (Fig. 1H). Absolute basal con-
centration of P1NP was 60.9 � 13.7 pg/mL.

In patients with hypoparathyroidism, exogenous GIP
inhibited bone resorption, whereas the effect of GLP-2
appeared to be lost

Four participants from the meal test also volunteered to partici-
pate in the peptide test. Their median age was 58 (range 40 to
75) years and the median BMI was 27.7 (range 19.8 to 30.1)
kg/m2. For further characteristics of participants, see
Tables 1 and 2.

Timeline for the study days is depicted in Fig. 2A. CTX
decreased after GIP injection but not after injection of GLP-2.
At baseline, CTX levels were comparable with absolute concen-
trations of 0.30 � 0.10, 0.37 � 0.06, and 0.32 � 0.09 ng/mL in
the GIP, GLP-2, and placebo group, respectively. After placebo,
CTX stayed near the baseline level during the 4-hour study
period. GIP injection significantly decreased CTX to 80.5 � 5.8%
of baseline after 90 minutes compared with 104.2 � 5.5% of
baseline after placebo (p = 0.034). GLP-2 did not significantly

Table 1. Baseline Characteristics of Study Participants in the
Meal Test and the Peptide Test

Meal test Peptide test

Sex (female/male) 7/0 4/0
Postmenopausal/
premenopausal

5/2 3/1

Age (years) 54 (40–75) 58 (40–75)
Weight (kg) 71 (58–82) 71 (60–82)
Height (m) 1.70 (1.60–1.82) 1.65 (1.60–1.74)
BMI (kg/m2) 23.6 (19.8–30.1) 27.7 (19.8–30.1)
PTH intact (pg/mL) 10.0 � 3.80

(<5 to 24.7)
12.3 (<5–21.7)

Calcium total (mmol/L) 2.25 (2.18–2.38) 2.22 (2.22–2.27)
Calcium ion (mmol/L) 1.21 (1.08–2.21) 1.21 (1.08–2.21)
eGFR (mL/min/1.73 m2) 77 (44–95) 75 (44–95)
Phosphate (mmol/L) 1.28 (0.95–1.48) 1.32 (0.95–1.48)
Potassium (mmol/L) 3.9 (3.6–4.8) 3.9 (3.8–4.8)
Creatinine (μmol/L) 71 (63–115) 68 (65–115)
Alkaline phosphatase (U/L) 65 (34–102) 60 (48–66)
25OH vitamin D
(nmol/L)

130 (69–172) 113 (69–149)

BMI = body mass index; PTH = parathyroid hormone; eGFR = esti-
mated glomerular filtration rate.
Baseline characteristics at screening of participants in the meal test

(n = 7) and the peptide test (n = 4) given as median and range.

Table 2. Medication

Medication Test

Subject 2 Levothyroxine, alfacalcidol, calcium Meal test + peptide test
Subject 4 Alfacalcidol, oxycodone, enalapril Meal test + peptide test
Subject 6 Alfacalcidol, pregabalin, metoprolol succinate, rivaroxaban Meal test
Subject 7 Metoprolol succinate Meal test

Four of the 7 participants had to take some of their medication the night before the test day and/or in the morning on the test day.
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Fig 1. Results from themeal test. Seven female participants with hypoparathyroidismwere included in themeal test. After at least 10 hours of fasting, the
participantsmet in themorning. After baseline blood samples, a liquidmeal was ingested at time point t= 0 minute followed by blood sampling regularly
for 240 minutes. (A) Plasma concentrations of total glucose-dependent insulinotropic polypeptide (GIP), (B) plasma concentrations of intact glucagon-like
peptide-2 (GLP-2), (C) serum insulin, (D) serum C-peptide, (E) serum glucose, (F) serum parathyroid hormone (PTH), (G) serum collagen type 1 C-terminal
telopeptide (CTX) presented as percentage of baseline, and (H) serum procollagen type 1 N-terminal propeptide (P1NP) presented as percentage of base-
line. Data (n = 7) are shown as mean ± SEM.
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change CTX compared with placebo (except for a small decrease
at t = 210 minutes) (Fig. 2B). There were no effects of GIP or
GLP-2 on bone formation as measured by serum levels of P1NP
(Fig. 2C), and basal values were comparable on the three study
days (37.3 � 12.2, 38.2 � 13.4, and 39.7 � 12.2 ng/mL on the
GIP, GLP-2, and placebo day, respectively).

Baseline PTH concentrations were low and below the detec-
tion limit for 2 of the participants in the peptide test (<5, <5,
17.9, and 21.7 pg/mL, respectively, for the 4 participants). For
the 2 participants with measurable PTH levels, PTH initially
decreased slightly after all three interventions (GIP, GLP-2, and
placebo) with no differences between the interventions (Fig. 2D).

Plasma concentrations of GIP and GLP-2 increased after the
injections, as expected. After GIP administration, total GIP
increased to a peak concentration of 163 � 13 pmol/L reached
at t = 60 minutes. Intact GIP increased to a peak of
81 � 12 pmol/L at t = 15 minutes and dropped to baseline
levels at t = 120 minutes. After administration of GLP-2, intact
GLP-2 increased to a maximum of 2004 � 609 pmol/L at
t = 45 minutes and concentrations remained elevated until
t = 240 minutes (Fig. 2E, F).

Insulin, C-peptide, and glucose were all affected by GIP but
not by GLP-2. Compared with placebo, GIP significantly
increased levels of insulin and C-peptide during the first
30 minutes after injection. Insulin increased from 53 � 5.7 to
77 � 11 pmol/L and C-peptide from 530 � 72 to 639 �
80 pmol/L followed by a decrease in glucose from 5.2 � 0.1 to

4.6 � 0.3 mmol/L. GLP-2 had no significant effect on insulin, C-
peptide, or glucose levels compared with placebo (Table 3).

Regarding blood pressure and heart rate, both GIP and GLP-2
insignificantly decreased systolic blood pressure compared with
placebo. There were no changes in diastolic blood pressure.
Compared with placebo, the heart rate increased significantly
from 67 � 2.7 to 71 � 3.5 bpm after GIP and from 66 � 3.1 to
70 � 3.2 bpm after GLP-2, similar to the changes observed in
the meal test (Table 3).

Receptor expression in human parathyroid tissue

Analysis of our previously published transcriptome array data
(PMID: 27760455, 21393447) showed that GLP-1R, GIPR, and
GLP-2R are expressed in normal human parathyroid glands.
Moreover, the relative expression of GLP-1R, GIPR, and GLP-2R
revealed comparable expression levels (Fig. 3).

Receptor expression in human osteoblasts and osteoclasts

To determine the expression of GIPR and GLP-2R in osteoblasts,
cultured human bone marrow stromal (mesenchymal) stem cell
line (hMSC-TERT) was induced toward osteoblast differentiation,
and gene expression analysis was performed at different stages
of differentiation (days 0, 6, and 12). The analysis showed expres-
sion of GIPR at all time points, whereas GLP-2R expression was
not detectable at any time point (Fig. 4A). A publicly available
gene expression data set(27) was employed to determine the

Table 3. Insulin, C-Peptide, Glucose, Blood Pressure, and Heart Rate at the Day of the Meal Test and the Peptide Test

Meal test (n = 7)

Peptide test (n = 4)

GIP GLP-2 Placebo

Insulin (pmol/L)
Baseline 47 � 6.3 53 � 5.7 37 � 3.3 32 � 2.7
Peak 262 � 82 77 � 11 44 � 6.8 32 � 3.7

C-peptide (pmol/L)
Baseline 501 � 43 530 � 72 451 � 41 399 � 29
Peak 1536 � 325 639 � 80 447 � 64 404 � 48

Glucose (mmol/L)
Baseline 5.0 � 0.1 5.2 � 0.1 5.0 � 0.1 5.0 � 0.0
Peak/nadir 6.2 � 0.5 peak 4.6 � 0.3 nadir 4.9 � 0.2 nadir 4.7 � 0.1 nadir

Systolic blood pressure (mmHg)
Baseline 143 � 6.7 135 � 9.1 130 � 8.3 133 � 5.9
Nadir 127 � 6.1 121 � 9.2 118 � 12 128 � 12

Diastolic blood pressure (mmHg)
Baseline 85 � 4.4 77 � 4.3 70 � 1.1 73 � 2.6
Nadir 75 � 6.8 75 � 8.5 67 � 6.6 68 � 3.8

Heart rate (bpm)
Baseline 66 � 4.6 67 � 2.7 66 � 3.1 62 � 2.2
Peak 71 � 4.8 71 � 3.5 70 � 3.2 63 � 4.4

CTX (ng/mL)
Baseline 0.45 � 0.15 0.30 � 0.10 0.37 � 0.06 0.32 � 0.09
Nadir 0.21 � 0.05 0.25 � 0.16 0.27 � 0.20 0.31 � 0.19

P1NP (pg/mL)
Baseline 60.9 � 13.7 37.3 � 12.2 38.2 � 13.5 39.7 � 12.2
Peak 65.8 � 15.4 44.6 � 21.7 38.9 � 14.7 44.5 � 17.0
Nadir 59.5 � 14.0 26.2 � 18.1 35.4 � 10.6 38.9 � 10.7

Insulin, C-peptide, glucose, blood pressure, and heart rate at the day of the liquid meal test and the peptide test. Data are presented as mean � SEM
baseline and peak/nadir values as relevant.
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expression of GIPR and GLP-2R in osteoclasts. Using this method,
we found an increasing expression of GIPR during osteoclast dif-
ferentiation, whereas GLP-2R was not detectable (Fig. 4B). We
also assessed expressions of the GIPR and GLP-2R in osteoclasts
differentiated from human CD14+ monocytes isolated from

buffy coats obtained from anonymous blood donors (n = 8).
Gene expression analyses using RNA sequencing were per-
formed on day 10, ie, in mature osteoclasts. These analyses con-
firmed expression of GIPR in primary mature human osteoclasts.
However, contradictory to the publicly available gene expression

Fig 2. Results from the peptide test. (A) Timeline for the study. Baseline blood samples were drawn from the fasting participants in the morning (after at
least 10 hours of fasting) at time points t=�10 and �5 minutes. At t= 0 minute, glucose-dependent insulinotropic polypeptide (GIP), glucagon-like pep-
tide-2 (GLP-2), or placebo (saline) was subcutaneously injected followed by blood sampling at t= 7, 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 minutes.
(B) Serum collagen type 1 C-terminal telopeptide (CTX) presented as percentage of baseline, (C) serum procollagen type 1 N-terminal propeptide (P1NP)
presented as percentage of baseline, and (D) serum parathyroid hormone (PTH) in response to GIP (green circles), GLP-2 (blue squares), and placebo (gray
triangles). (E) Plasma concentration of total GIP (white circles) and intact GIP (black circles) and (F) plasma concentrations of intact GLP-2 (black triangles).
(B–D) The data were analyzed by a related-samples Friedman’s two-way analysis of variance by ranks, and if relevant, followed by post hoc pairwise com-
parisons between groups to evaluate differences between interventions (GIP or GLP-2) and placebo at individual time points. Actual p values (when
p < 0.10 or p > 0.001) are indicated on the figure. Data (n = 4) are shown as mean � SEM.
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data set, we observed expression of GLP-2R in primary mature
osteoclast in vitro in all donors. However, the expression of the
GLP-2R was substantially weaker compared with that of the GIPR
(Fig. 4C).

Discussion

The present study provides new insight into the gut–bone axis
and demonstrates basic aspects of bone turnover in response
to meal ingestion and subcutaneous injection of GIP and
GLP-2. We conducted a liquid mixed meal test and injected

exogenous GIP, GLP-2, and placebo to investigate the effects
on bone turnover in patients with hypoparathyroidism (due to
thyroidectomy) with no or very low levels of PTH. We did this
to assess to what extent the changes in bone turnover markers
(CTX and P1NP), as observed in healthy individuals,(2–6,9–12)

depend on inhibition of PTH secretion, which is normally acutely
lowered after meal ingestion as well as after injections of both
GIP and GLP-2.(12,23,34) If PTH inhibition was essential, the
changes in bone turnover markers would not be expected to
occur in the patients with hypoparathyroidism.

During themixedmeal, total GIP and intact GLP-2 plasma con-
centrations increased to �70 pmol/L and 30 pmol/L, respec-
tively, which is similar to what is found in healthy
persons.(2,23,35) Concomitantly, CTX levels decreased to
55.5 � 17.1% of baseline in the patients with hypoparathyroid-
ism, similar to themeal-induced decrease to 50% to 60% of base-
line observed in healthy individuals.(1,2,7) The mixed meal also
resulted in a transient increase in P1NP to 108 � 3.7% of base-
line. Regarding the effect of ameal or glucose intake on bone for-
mation, the literature is inconsistent. Whereas some studies
report decreases in markers of bone formation, others report
minor increases.(1,11,36,37) However, some studies have shown
that GIP may induce a small acute increase in P1NP.(12,15,34)

Regarding PTH, we confirmed that the participants had low
levels of PTH and 3 of the 7 participants in the meal test even
had PTH levels below the measurable concentration (<5 pg/
mL). Importantly, all participants responded during the meal test
with a marked decrease in CTX, irrespective of their basal PTH
levels, suggesting that the changes in bone turnover found after
meal ingestion are probably not related to changes in PTH levels.
During themeal test, insulin, C-peptide, and glucose increased as
normally found in healthy subjects.(35,38,39)

With the peptide injections, we studied the individual effects
of exogenously administered GIP and GLP-2 in our patients with
hypoparathyroidism. After GIP, we observed a clear reduction in
CTX to 80.5 � 5.8% of baseline at t= 90 minutes compared with
a value of 104.2 � 5.5% after placebo (p = 0.034). The reduction
in CTX is less than previously observed after subcutaneous injec-

Fig 3. Receptor expression in normal parathyroid glands. Glucagon-like
peptide-1 receptor (GLP-1R), glucose-dependent insulinotropic polypep-
tide receptor (GIPR), and glucagon-like peptide-2 receptor (GLP-2R) are
expressed in normal human parathyroid tissue. Analysis of data from
GEO series accession GSE83421 shows the relative expression of the
GLP-1R, GIPR, and GLP-2R in normal parathyroid tissue. Grubbs’ test iden-
tified a gland as an outlier in GLP-2R expression and data were excluded
from further statistical analysis by one-way ANOVA. Data are shown as
boxplot (with median, interquartile range, maximum, and minimum)
showing all data points. No significant differences were found among
presented genes.

Fig 4. Receptor expression in osteoblasts and osteoclasts. Expression of glucose-dependent insulinotropic polypeptide receptor (GIPR) and glucagon-like
peptide-2 receptor (GLP-2R) in human osteoblast and osteoclasts. (A) Analyses of GIPR and GLP-2R expression at different time points (days 0, 6, 12) during
osteoblast differentiation of human mesenchymal stem cells (hMSC) and (B) analyses of GIPR and GLP-2R expression at different time points (36 hours,
72 hours, 96 hours) during osteoclast differentiation of human osteoclast precursors treated with macrophage-colony stimulating factor MCSF-1 and
receptor activator of NF-κB ligand (RANKL). Actin beta (ACTB), lipoprotein lipase (LPL), alkaline phosphatase (ALPL), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), bone gamma-carboxyglutamate protein (BGLAP), and cathepsin K (CTSK) were used as housekeeping, negative, and positive controls,
respectively. (C) mRNA expression of GLP-2R, GIPR, and cathepsin K (CTSK) (positive control) in primary mature human osteoclasts treated with MCSF and
RANKL (n = 8). Each gene is normalized to gene length and the number of reads sequenced per sample (reads per kilobase million [RPKM]). (C) Data are
shown as boxplot (with median, interquartile range, maximum, and minimum) showing all data points.
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tion of GIP in healthy individuals, where a maximal inhibition to
�55% of baseline was observed after 90 minutes.(12) However,
it should be noted that in the previous study, a higher dose of
GIP was used (200 μg versus 100 μg in the present study) and
also a greater reduction in CTX after placebo was observed.(12)

In the present study, P1NP increased to 116% � 15% of baseline
after GIP administration, but this change did not reach signifi-
cance. In healthy individuals and in patients with type 1 diabetes,
P1NP has been found to significantly increase after GIP,(11,12,15)

indicating an acute uncoupling of bone formation from bone
resorption. However, the present study was undoubtedly under-
powered to detect a significant difference in P1NP since only
4 participants received the injections and the P1NP response is
substantially smaller than the CTX response.(12)

After subcutaneous injection of GLP-2, CTX levels remained
unchanged and similar to those observed with placebo, suggest-
ing that the effect of GLP-2 is diminished in hypoparathyroidism
and may depend on changes in PTH levels. In comparison, a sig-
nificant reduction to �60% of baseline CTX is found after GLP-2
in healthy young men.(12) We have previously observed basal
levels of CTX in the range of �0.7 to 0.9 ng/mL and basal levels
of P1NP of �70 ng/mL in healthy young men.(12) In the present
study, the participants had basal levels of CTX ranging from 0.3.
to 0.45 ng/mL and P1NP basal levels were 38 to 60 pg/mL, which
was as expected because patients with hypoparathyroidism
have low levels of bone turnover markers. Hypoparathyroidism
is most often caused by accidental removal during thyroid sur-
gery due to either cancer or hyperthyroidism,(40,41) and the dis-
ease is characterized by low PTH, leading to a low bone
turnover, low serum calcium, elevated levels of serum phospho-
rus, and low 1,25(OH)D3. In most patients with hypoparathyroid-
ism, BMD is increased compared with healthy controls due to the
low bone turnover, although themicroarchitecture of the bone is
abnormal.(40,41) Normally, BMD correlates positively with
reduced fracture risk, but lower bone remodeling may result in
impaired regeneration and accumulated old bone with fatigue
microfractures. Whether the fracture risk is affected in hypopara-
thyroidism is not clear,(41,42) but it may be unchanged or lower in
some patients.(43)

For the two participants with measurable PTH levels, we
observed a small decrease in PTH after both GIP and GLP-2, but
this was also observed after placebo (absolute changes were 2.9,
2.9, and 2.1 pg/mL, respectively, within 45 minutes). In healthy
participants, the changes in PTH are more pronounced with more
acute decreases around 9 pg/mL (from�29 to�20 pg/mL within
15 minutes) after GIP and GLP-2 and with no change after pla-
cebo.(12) Thus, the antiresorptive effect of GIP injection seems to
be independent of changes in PTH, whereas the effect of GLP-2
may depend on an inhibitory effect on PTH secretion.

Our finding that GIP decreases CTX in patients with hypopara-
thyroidism is consistent with our in vitro results demonstrating
GIPR expression in human osteoblast and osteoclast cultures
and support that GIP may act directly on bone cells in a PTH-
independent fashion. By contrast, GLP-2R was not expressed in
osteoblasts and absent or only weakly expressed in osteoclasts
(depending on the method used), in agreement with the indis-
cernible effect of GLP-2 in patients with hypoparathyroidism.
However, we did find expression of GLP-2R (as well as the GIPR
and GLP-1R) in human parathyroid tissue, which could explain
the effect of GLP-2 on bone as an indirect effect mediated by
GLP-2R in the parathyroid gland. However, further studies are
now required to investigate the possible direct effect of GLP-2
on the parathyroid glands.

In a previous study, investigating the effect of GLP-2 on bone
turnover in patients with short bowel syndrome (SBS), a GLP-2
injection (1600 μg) only reduced PTH and CTX in patients with
ileostomy and not in patients with jejunostomy.(20) This might
suggest that the underlying mechanism whereby GLP-2 reduces
CTX may involve reductions in PTH as well as a factor derived
from the intestine, eg, a cytokine or a growth factor, or by
increased calcium absorption that in turn may change the PTH
level. Because the GLP-2R is expressed in enteric neurons,(44)

the effect of GLP-2 may also be mediated through neuronal
signaling.

A limitation of the present study is the small sample size and
lack of a non-hypoparathyroid control group. However, regard-
ing the GIP response, we achieved statistically significant results
regarding CTX, and we know from previous studies in healthy
controls (conducted using the same methods) that subcutane-
ous GLP-2 injections normally result in a response of similar mag-
nitude as that obtained after subcutaneous GIP (with CTX being
reduced to around 60% of baseline).(12,45) Our results may also be
confounded by the inclusion of participants using various types
of medication. The main strength of the investigation is that it
was possible to carry out these studies in patients with hypo-
parathyroidism and that all participants served as their own con-
trols in a crossover design in the peptide test. Although our
results strongly indicate that GIP modulates bone turnover inde-
pendent of changes in PTH and that the GLP-2 effect appears to
depend on changes in PTH, we recognize that the patients with
hypoparathyroidism still had some residual PTH secretion and
small changes in PTH levels therefore did occur during the tests.
However, we assume that these small changes in PTH are biolog-
ically insignificant; in addition, the changes in PTHwere of similar
magnitude after all three interventions in the peptide test
(ie, after GIP, GLP-2, and placebo). All patients had undergone
total thyroidectomy and therefore also lacked the thyroid gland,
which may have affected the calcitonin responses to GIP and
GLP-2, if any. Thus, a further limitation is that we did not measure
calcitonin, and we also did not measure total or ionized calcium
during test days. Further studies are now needed to confirm our
findings.

Our findings are compatible with the notion that GIP seems to
act directly on the bone cells mediated by the GIPR in a non PTH-
dependent fashion, while the effect of GLP-2may bemediated in
a PTH-dependent fashion, which would explain the diminished
GLP-2 effect in the patients with hypoparathyroidism in our
study. The apparently different underlyingmechanisms of action
of GIP and GLP-2 on bone turnover may mean that a combina-
tion of the two hormones might have additive or even synergis-
tic effects, which would be of interest from a pharmacological
point of view.
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