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Background: Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-2 (GLP-2) are gut
hormones secreted in response to food ingestion, and they have been suggested to regulate bone turnover. In
humans, exogenous GIP and GLP-2 acutely inhibit bone resorption as measured by circulating levels of carboxyterminal type 1 collagen crosslinks (CTX).
Objective: The objective was to study the individual and combined acute effects of GIP and GLP-2 on bone
turnover in postmenopausal women during nighttime - a period of increased bone resorption.
Methods: Using a randomized, placebo-controlled, double-blinded, crossover design, each participant (n  =  9)
received on four separate study days: GIP, GLP-2, GIP  +  GLP-2, and placebo (saline) as subcutaneous injections
at bedtime. Main outcomes were levels of CTX and procollagen type 1  N-terminal propeptide (P1NP).
Results: Compared with placebo, GIP and GLP-2 alone significantly inhibited bone resorption (measured by CTX).
GIP rapidly reduced CTX levels in the period from 45 to 120  min after injection, while GLP-2 had a more delayed
effect with reduced CTX levels in the period from 120 to 240  min after injection. Combining GIP and GLP-2
showed complementary effects resulting in a sustained inhibition of CTX with reduced levels from 45 to
240  min after injection. Furthermore, GIP acutely increased bone formation (measured by P1NP).
Conclusion: Both GIP and GLP-2 reduced CTX during the night and had complementary effects when combined.

1. Introduction
The human skeleton continuously undergoes a process of remodel
ing. Bone is resorbed by osteoclasts and formed by osteoblasts to
maintain, adapt, and repair bone tissues [1,2]. These processes are
usually tightly coupled, but not always balanced [3,4]. At around
40  years of age, an age-related bone loss starts when bone resorption
exceeds bone formation resulting in decreasing bone mineral density
(BMD) and, over years, osteoporosis may develop [3]. Osteoporosis is
characterized by low BMD, altered microarchitecture of the bone tissue,
and increased fracture risk. Age-related bone loss accelerates dramati
cally around the menopause with changes in the bone turnover, making
women more susceptible than men to osteoporosis [3,5]. Thus, osteo
porosis develops due to changes in the bone remodeling, which is
regulated in a complex interplay between local and systemic factors that
is still incompletely understood [1,2,4].

The turnover of bone can be quantitatively estimated by the mea
surement of biomarkers circulating in the blood. Carboxy-terminal type
1 collagen crosslinks (CTX) is the recommended marker of bone
resorption while procollagen type 1 N-terminal propeptide (P1NP) is the
recommended marker of bone formation [6]. Bone turnover exhibits a
diurnal variation as bone resorption is decreased during the day and
increased during the night [7,8]. This variation is related to nutrient
ingestion since meals, glucose, fat, and protein all decrease the bone
resorption (measured by changes in CTX) to almost 50% of baseline
[9–12], and diurnal variation is markedly reduced during a 24-hour fast
[8,9,12]. Notably, when oral glucose is given together with a somato
statin analogue, which strongly inhibits the release of gut hormones, the
decrease in CTX driven by oral glucose ingestion is abolished [13]. This
indicates that the antiresorptive effect of nutrient ingestion is mediated
by the release of gut hormones [13]. The gut hormones glucosedependent insulinotropic polypeptide (GIP) and glucagon-like peptide-
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2 (GLP-2) are both released in response to meal ingestion and they are
believed to be key elements of the gut-bone axis [9,12,13].
Presumably, GIP acts on GIP receptors (GIPR) expressed in bone cells
[14–17]. And it has been shown that deletion of the GIPR in mice may
lead to reduced bone mass, altered microarchitecture of the bone tissue,
as well as reduced bone strength and quality compared to wild-type mice
[18–20]. In rats, 6  weeks of GIP treatment prevents the bone loss
induced by ovariectomy [21] and studies have shown that more stable
GIP analogues also have beneficial effects on bone tissue in rodents
[22,23]. In humans, GIP administered by intravenous infusion or sub
cutaneous injection potently decreases bone resorption (evidenced by
reduced serum levels of CTX) [24–26] and in some studies acutely in
creases bone formation (evidenced by increased serum levels of P1NP)
[25,26]. It has recently been shown that infusion of a selective GIPR
antagonist, GIP(3-30)NH2, diminishes not only exogenous GIP-mediated
inhibition of CTX [27], but also the postprandial reduction in CTX [28].
The clinical importance of the GIPR for bone strength was suggested by a
prospective cohort study following women from the time of menopause
[29]. Participants homozygous for a common mutation in the GIPR
(E354Q), giving rise to impaired receptor signaling [30], had lower BMD
after 10  years of follow up, and a more than 50% increased risk of nonvertebral fractures after 16  years of follow up compared with the con
trol group [29].
Exogenously administered GLP-2 also acutely lowers CTX levels
when injected in the morning [12,25,26,31,32] or at bedtime [33,34].
Moreover, GLP-2 has been shown to dose-dependently increase BMD
after four months of bedtime injections in healthy postmenopausal
women with osteopenia [34]. However, only few studies describes GLP2R expression in bone cells and the GLP-2R may be absent or only
weakly expressed (possibly depending on the type of cells studied)
[17,35]. Therefore, the antiresorptive effect of GLP-2 is not well un
derstood, but it may involve changes in PTH secretion since the effect of
GLP-2 seems to be lost in patients with hypoparathyroidism [35].
We have previously reported that the acute effects of GIP and GLP-2
on bone turnover in healthy young men appear to be exerted via sepa
rate mechanisms [25], although it could also reflect different plasma
profiles of the hormones after subcutaneous injection. Thus, GIP causes a
rapid decrease in CTX with maximal effect observed after 90  min and an
acute increase in P1NP, whereas the effect of GLP-2 is more delayed with
maximal inhibition of CTX after 180  min [25].
The overall aim of this study was to investigate the individual and
combined effects of GIP and GLP-2 on bone turnover during nighttime in
humans. We hypothesized that both GIP and GLP-2 alone and in com
bination would reduce the increased bone resorption observed at
nighttime (measured by CTX) when administered subcutaneously to
postmenopausal women at bedtime.

2.2. Study design
The study was a randomized, placebo-controlled, crossover study,
and participants and investigator were blinded to the intervention (se
quences were computer generated at http://www.randomization.com).
There were at least one week between study days. Participants were
carefully instructed to avoid alcohol ingestion and strenuous physical
activities for two days before each study day to prevent any effects on
the outcome. On study days, participants ate a standardized meal
(lasagna 375  g, 714  kJ (per 100  g: 9.6  g fat, 10  g carbohydrates, 11  g
protein, 0.99  g salt)) at 6  pm and thereafter fasted. Participants arrived
at Hvidovre Hospital at ~9.30  pm and then rested in a hospital bed. A
catheter was inserted in a cubital vein for blood sampling. After a resting
period of 20  min, baseline blood samples were drawn and hormones
(GIP, GLP-2, GIP  +  GLP-2, or placebo) were administered subcutane
ously as two 1  mL injections in the umbilical region at ~10  pm
(t  =  0  min). Participants were supposed to rest and sleep during the
night and therefore, we only measured blood pressure and heart rate for
the initial hour after the intervention and only dim lighting was used
when sampling blood during the night. In the morning at ~7  am
(t  =  540  min), the participants received a standardized liquid mixed
meal (Nutridrink, 480  kcal (per 100  g: 9.6  g protein, 9.3  g fat, 29.7  g
carbohydrate)). The last blood sample was taken at ~8  am
(t  =  600  min) (Fig. 1).
2.3. Peptides
Synthetic human GIP(1–42) (PolyPeptide Group, Strasbourg, France)
and synthetic human GLP-2(1–33) (Bachem, Bubendorf, Switzerland)
with a purity above 97% were dissolved in a 50  mM sodium hydrogen
carbonate buffer, pH  8.5, with 0.5% human serum albumin in NaCl
9  mg/mL. The final concentration was 100  μg/mL for GIP and 400  μg/
mL for GLP-2. Solutions were prepared, distributed to 1  mL vials, and
tested by the Capital Region Pharmacy (Herlev, Denmark). All vials were
stored at − 20 ◦ C. For placebo, saline (NaCl 9  mg/mL) was used. The
dose of GLP-2 was based on a previous study showing that 400  μg GLP-2
injected subcutaneously at bedtime significantly decreased CTX as
compared to placebo [34]. For GIP, we chose a dose of 100  μg.
2.4. Blood sampling and laboratory methods
Blood pressure and heart rate were measured before the blood
sampling at early time points (until t  =  60  min) using a standard
monitor (Omron M6, Intelli Sense, Omron Healthcare Europe B. V.,
Hoofddorp, The Netherlands). Blood was sampled at time points
t  =  − 10, − 5, 7, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 420, 480,
540, 570, and at 600  min relative to the intervention. Blood for plasma
was collected into chilled EDTA tubes to which were added dipeptidyl
peptidase-4 (DPP-4) inhibitor (valine pyrrolidide, final concentration
0.01  mmol/L, a gift from Novo Nordisk). Blood for serum was collected
into clot activator tubes and left at room temperature 30  min for
coagulation. Tubes were then centrifuged for 10  min at 1200  ×g at
4 ◦ C. Plasma samples were stored at − 20 ◦ C and serum samples at
− 80 ◦ C until measurements.
Glucose concentrations were measured using an YSI model 2300D
STAT plus analyzer (YSI Incorporated, Yellow Springs, Ohio, USA). In
sulin and C-peptide were measured by sandwich immunoassays using
the chemiluminescence technology (Advia Centaur XP, Siemens).
For gut hormone measurements, plasma samples were extracted at a
final concentration of 70% ethanol before GIP measurements and 75%
ethanol before GLP-2 measurements. Total GIP concentration in plasma
was measured with in-house radio-immunoassay (RIA) using an anti
body directed towards the C-terminal (code no. 80867) [36]. Intact GIP
was measured using an antibody reacting with the N-terminal of intact
GIP (no. 98171) [37]. Human GIP (Bachem, cat no. H-5645) was used as
standard and 125I-labeled human GIP (Perkin Elmer, cat no. Nex402)

2. Material and methods
2.1. Study participants and ethics
Postmenopausal women older than 50  years with BMI between 18.5
and 28.0  kg/m2 were eligible for participation. Exclusion criteria were
diabetes, smoking, alcohol ingestion above 84  g per week, use (or
previous long-term use) of steroid treatment or anti-osteoporotic drugs,
hemoglobin levels <7  mmol/L, weight changes above 3  kg within the
last 3  months, and previous gastrointestinal surgery. Participants pro
vided informed consent before inclusion. The study was approved by
The Scientific Ethical Committee of the Capital Region of Denmark (H16047626), registered at the Danish Data Protection Agency (SUND2017-21), and registered at ClinicalTrials.gov (NCT03574064).
All participants had a dual-energy x-ray absorptiometry (DXA) scan
after completion of the study.
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Fig. 1. Study time line and interventions. Participants had a fixed lasagna meal at 6  pm and hereafter fasted. They arrived at the clinical research facility at around
9.30  pm and rested in a hospital bed. Baseline blood samples were taken at t  =  − 10 and t  =  − 5  min, and at ~10  pm (t  =  0  min) the intervention (GIP, GLP-2,
GIP  +  GLP-2, or placebo) was administered by subcutaneous injection. During the night, blood samples were regularly drawn. In the morning at 7  am
(t  =  540  min), the participants had a liquid mixed meal. The study visits ended at 8  am (t  =  600).

was used as tracer. Intact GLP-2 was also measured by in-house RIA
using an antibody (code no.92160) specific for the intact N-terminal of
GLP-2. Recombinant human GLP-2 and 125-I-labeled rat GLP-2 with an
Asp33 to Tyr33 substitution were used as standard and tracer, respec
tively [38]. Sensitivity for all assays is below 5  pmol/L, and intra-assay
coefficient of variation is below 10%.
CTX, P1NP, and PTH were measured on serum samples on the IDSiSYS Multi-Discipline Automated System® (ImmunoDiagnosticSys
tems, Frankfurt am Main, Germany) which uses an automated immu
noassay and chemiluminescence method. CTX has a limit of detection
(LoD) of 0.023  ng/mL and expected values for post-menopausal women
are 0.0034–1.037  ng/mL (95% CI). P1NP has a LoD of <1.0  ng/mL and
expected values for normal adults are 27.7–127.6  ng/mL. PTH has a
LoD of 2.5  pg/mL and expected values for normal adults are
11.5–78.4  pg/mL. All assays have a coefficient of variation <10%.

Table 1
Demographic and baseline characteristics of participants.

2.5. Statistical analyses

Demographic and baseline characteristics (n  =  9)

Median

Range

Age (years)
Height (cm)
Weight (kg)
Body mass index (kg/m2)
Years since menopause (years)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Heart rate (bpm)
Hb1Ac (mmol/mol)
Hemoglobin (mmol/L)
25-OH-vitamin D (nmol/L)
Total calcium (mmol/L)
Creatinine (μmol/L)
Parathyrin (PTH) (pg/mL)
Total body fat (%)a
T-score lumbar spinea
T-score hipa

58
167
69.7
25.4
5
118
69
69
36
8.4
92
2.38
69
43.4
34.5
− 1.2
− 1.2

53–65
161–177
57–80
20.4–27.3
1–12
106–158
61–103
52–81
31–41
7.5–8.8
75–104
2.27–2.44
61–77
33.0–52.8
29–45
− 1.9–1.0
− 2.4–1.7

a

Based on our previous studies [25] we estimated that a sample size of
8 participants was necessary. CTX, P1NP, and PTH are expressed in per
cent of baseline (mean of t  =  − 10 and t  =  − 5  min) which is standard
in this research field. Statistical analyses of CTX, P1NP, and PTH were
performed using a mixed-effects model for the time period 0–240  min
followed by Holm-Sidak multiple comparisons tests where interventions
were compared with placebo. Later time points were excluded from the
analyses since intact GIP and intact GLP-2 are both normally returned to
basal levels within 240  min after subcutaneous administration [25,31],
and the main effect may therefore be expected during the first 240  min.
However, we took blood samples during the full night to confirm the
characteristic increase in CTX. Results are presented as mean  ±  SEM,
and two-sided p-values <0.05 were considered statistically significant.
All analyses were performed using GraphPad Prism version 8.3.1 for
Windows, GraphPad Software, San Diego, California USA, www.gra
phpad.com.

Determined by dual-energy X-ray absorptiometry (DXA) scan.

participants included in the data analysis, two had normal BMD t-scores
(≥− 1), six had osteopenia (BMD t-score between − 1 and − 2.5), and one
was found to have osteopenia and a compression fracture in the spine.
3.2. Plasma concentrations of GIP and GLP-2 after bedtime injections
The plasma concentration curves for GIP and GLP-2 were closely
reproduced between the study days (Fig. 2A–B). Thus, the plasma con
centrations of total GIP reached ~130  pmol/L after injection of GIP
(alone or in combination with GLP-2), and intact GIP reached
~80  pmol/L (Fig. 2A) corresponding to a postprandial concentration.
The plasma concentration of intact GLP-2 reached ~1400  pmol/L after
injection of GLP-2 (alone or in combination with GIP) (Fig. 2B) corre
sponding to a high supra-physiological concentration.

3. Results

3.3. Bone resorption measured by CTX and bone formation measured by
P1NP

3.1. Study participants

There were no significant differences in basal levels of CTX between
the study days (0.53  ±  0.08, 0.52  ±  0.09, 0.56  ±  0.10, and
0.50  ±  0.09  ng/mL, respectively, p  =  0.16). After placebo, CTX
increased during the night reaching at plateau level at t  =  300  min (at
3  am) (Fig. 3A).
We evaluated the effects of the peptide injections during the initial

Ten participants were included and all completed the study. One
participant was excluded from the data analysis due to very different
basal concentrations of bone markers between the study days making
any interpretation of the results difficult. For demographic and baseline
data of participants included in the data analysis see Table 1. Of the nine
3
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Fig. 2. (A) Plasma concentrations of total and intact GIP during the entire night (t  =  0–600  min) after GIP and GIP  +  GLP-2 interventions. (B) Plasma con
centrations of intact GLP-2 during the entire night (t  =  0–600  min) after GLP-2 and GIP  +  GLP-2 interventions.

4  h, where plasma concentrations of intact GIP and GLP-2 were
measurable. CTX decreased after GIP administration (compared with
placebo) in the period from t  =  45 to 120  min after injection with a
maximal effect observed at t  =  60  min (97.4  ±  4.3% of baseline
compared with 119.1  ±  3.4% of baseline after placebo, p  =  0.001).
Compared with placebo, CTX was significantly decreased after admin
istration of GLP-2 in the period from t  =  120 to 240  min with a
maximal effect observed at t  =  180  min (117.0  ±  5.2% of baseline
compared with 146.2  ±  9.8% of baseline after placebo, p  <  0.0001).
The combination of GIP and GLP-2 rapidly lowered CTX and CTX was
suppressed for an extended time period (t  =  45 to 240  min) when
compared with placebo (Fig. 3B).
In the morning after the liquid mixed meal, CTX decreased on all
study days being at comparable levels at t  =  600  min (Fig. 3A).
There were no significant differences in basal levels of P1NP between
the study days (79.9  ±  8.0, 85.8  ±  9.4, 80.6  ±  8.8, and
82.1  ±  8.9  ng/mL, respectively, p  =  0.29). On the placebo visit, the
level of P1NP stayed close to basal level overnight (Fig. 3C). During the
first 4  h, P1NP was significantly increased after GIP as compared with
placebo in the period from t  =  15 to t  =  45  min (p  <  0.005), and
after GLP-2 P1NP decreased to 91.9  ±  1.9% of baseline reached at
t  =  60  min (p  <  0.0001) followed by a slow increase towards the
placebo level (Fig. 3D). The combination of GIP and GLP-2 reached a
decrease in P1NP to 88.7  ±  3.6% of baseline at t  =  90  min
(p  <  0.0001) and thus resulted in a delayed decrease in P1NP (delayed
30) in comparison to GLP-2 alone.
On all study visits, the liquid mixed meal in the morning resulted in a
decrease in P1NP to almost 90% of baseline at t  =  600  min, where the
observation period ended (Fig. 3C).

observed during the night (Fig. 4A–C). After the liquid mixed meal in the
morning, insulin, C-peptide, and glucose rapidly increased (Fig. 4A–C).
Blood pressure and heart rate were monitored during the first hour
after the injections. Compared with placebo, the peptides had no sig
nificant effect on systolic blood pressure (Fig. 4D). Diastolic blood
pressure was significantly decreased after the combination GIP  +  GLP2 from t  =  15  min to t  =  45  min (and also for GLP-2 alone at
t  =  30  min) as compared with placebo, p  <  0.05 (Fig. 4E). The heart
rate was significantly increased after GIP, GLP-2, and the combination
compared with placebo (from t  =  7 to t  =  60, p  <  0.05) (Fig. 4F).
4. Discussion
4.1. Complementary bone effects of GIP and GLP-2
In this study, we studied the acute changes in CTX and P1NP after
subcutaneous injection of GIP and GLP-2 individually and in combina
tion, in healthy postmenopausal women. Importantly, we performed the
study overnight, where bone resorption is normally increased. Our re
sults indicate that both GIP and GLP-2 reduce the high nightly bone
resorption. We found that GIP has a rapid action as determined by
decreased CTX levels in the period from 45 to 120  min after injection,
whereas the action of GLP-2 is more delayed with decreased CTX levels
from 120 to 240  min after injection (Fig. 3B). This difference in the
timing of the effects of GIP and GLP-2 may be explained by differences in
plasma profiles after subcutaneous injection with GIP reaching a peak
within 30  min and GLP-2 after 90  min (Fig. 2A–B). However, the dif
ferences in the timing of the effects of the hormones could also reflect
separate underlying mechanisms, as also indicated by other studies
[25,35]. Administration of GIP  +  GLP-2 resulted in CTX levels that
were decreased for a sustained period from 45 to 240  min after in
jections (Fig. 3B). Therefore, combination of GIP and GLP-2 seems to
have complementary effects on CTX and the combination is potentially
superior to GIP and GLP-2 alone.
With the present study, we confirm that GIP acutely increases the
bone formation (measured by P1NP), as observed in some other studies
[25,26], and the beneficial effect is also observed after the combination
of GIP and GLP-2 where the GLP-2 induced reduction in P1NP is delayed
by GIP (Fig. 3D).
To our surprise, only GLP-2 administration significantly suppressed
PTH (Fig. 3F). Previously studies have shown a suppression of PTH in
response to GIP (in healthy young men and in patients with type 1
diabetes [25,26]), and in response to GLP-2 (in healthy young men
[25]). So far, we are not able to explain why only GLP-2 suppressed PTH
in our study, but it is possible that it relates to our study population of
postmenopausal women studied at night time.

3.4. Changes in PTH concentrations
There were no significant differences in basal levels of PTH between
study days (42.5  ±  2.1, 37.0  ±  1.2, 42.2  ±  2.5, and 38.2  ±  1.5  pg/
mL before GIP, GLP-2, GIP  +  GLP-2, and placebo, respectively,
p  =  0.12). Compared to placebo, injection of GIP only resulted in a
small decrease in PTH at t  =  15  min, whereas interventions involving
GLP-2 resulted in a marked decrease in PTH (Fig. 3F). Thus, PTH
significantly decreased to 79.0  ±  3.1% of baseline after GLP-2 and to
74.6  ±  3.5% of baseline after GIP  +  GLP-2. On all test days, the PTH
levels were comparable at t  =  240  min (Fig. 3F). After the liquid mixed
meal in the morning, a decrease in PTH was observed on all study days
(Fig. 3E).
3.5. Insulin, C-peptide, glucose, blood pressure, and heart rate
Compared to placebo, GIP and GLP-2 alone or in combination did not
have a significant effect on insulin, C-peptide, or glucose. On all study
days, a gradual decrease in insulin, C-peptide, and glucose were
4
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Fig. 3. (A) CTX during the entire sampling period (t  =  0–600  min) and (B) during the initial 4  h (t  =  0–240  min) after injections. (C) P1NP during the full night
(until t  =  600  min). (D) P1NP during the first 4  h (until t  =  240  min) after the intervention. (E) Serum concentrations of PTH during the night (t  =  0–600  min)
and (F) during the first 4  h (t  =  0–240  min). Data are presented as percentage of baseline. GIP: green circle, GLP-2: blue square, GIP  +  GLP-2: red cross, placebo:
black triangle. CTX, P1NP, and PTH during the first 4  h (B, D, and F) were analyzed by a mixed-effects model followed by Holm-Sidak multiple comparisons tests
where interventions were compared to placebo. Symbols indicate significant differences (p  <  0.05) α: GIP vs placebo, β: GLP-2 vs placebo, δ: GIP  +  GLP-2 vs
placebo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Effects of GIP and GLP-2 on blood pressure and heart rate

4.3. GIP and GLP-2 combinations may be potential anti-osteoporotic
agents

During the first hour after injection of GIP  +  GLP-2, diastolic blood
pressure decreased. After GIP, GLP-2, and the combination, an increase
in heart rate were observed. We only measured blood pressure and heart
rate for 1  h after peptide injections because the patients were supposed
to sleep during the night. The decrease in blood pressure may be due to
increased blood flow to e.g. intestines and adipose tissue in response to
GIP and GLP-2 [39,40], and as a compensatory mechanism, the heart
rate is increased. Our findings are consistent with previous studies
where GIP and GLP-2 decrease blood pressure and increase heart rate
[25,39,41–43].

Most available drugs for the treatment of osteoporosis (except
intermittent PTH and sclerostin antibodies) are reducing both resorption
and formation by ~80% due to the tight coupling of these processes
[44,45]. Instead, GIP and GLP-2 appear to have an acute antiresorptive
effect without inhibiting the bone formation to the same extent [25,33].
In agreement, treatment with GLP-2 for 4  months at bedtime already
showed positive results with repetitive acute suppressions of the bone
resorption (measured by CTX) without major acute suppressions of bone
formation (measured as osteocalcin and P1NP) [33,34]. Furthermore,
after the GLP-2 treatment period of 4  months, only a modest decrease in
5
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Fig. 4. (A) Insulin, (B) C-peptide, and (C) glucose during the full night (until t  =  600  min). (D) Stystolic blood pressure, (E) diastolic blood pressure, and (F) heart
rate the first hours (until t  =  240  min) after the intervention. GIP: green circle, GLP-2: blue square, GIP  +  GLP-2: red cross, placebo: black triangle. Changes in
blood pressure and heart rate during the first hour after interventions (D–F) were analyzed by a mixed-effects model followed by Holm-Sidak multiple comparisons
tests where interventions were compared to placebo. Symbols indicate significant differences (p  <  0.05) α: GIP vs placebo, β: GLP-2 vs placebo, δ: GIP  +  GLP-2 vs
placebo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the basal levels of markers of bone resorption (15–20%) and bone for
mation (10–15%) was observed and only for the highest dose of GLP-2
tested (3.2  mg) [34]. This indicates that a dynamic bone remodeling
is maintained during long-term GLP-2 treatment. Importantly, signifi
cant increases in BMD of total hip, trochanter, and femoral neck were
observed after the treatment period [34].
Findings from the present study, testing the effects of GIP, GLP-2, and
the combination in postmenopausal women, support the idea that GIP
and GLP-2 combinations may be potential anti-osteoporotic agents.
Further acute and chronic studies of GIP and GLP-2 combinations are of
course now needed to further evaluate changes in bone turnover as well
as the potential long term effects on e.g. bone turnover, BMD, and
fracture risk. In terms of clinical relevance, it is also highly interesting to
investigate whether stable GIP and GLP-2 analogues or GIPR-GLP-2R coagonists have similar or improved effects on bone as compared to the
native forms that are rapidly degraded.

osteopenia and osteoporosis. Indeed, in the present study, 6 out of 9
participants had DXA-determined osteopenia and 1 was diagnosed with
a vertebral compression fracture. Due to species differences in bone
turnover and in development of postmenopausal osteoporosis, it is a
major strength using humans in studying effects of GIP and GLP-2 on
bone turnover instead of using animal models of osteoporosis [46].
Moreover, there are significant species differences in the GIP system
between rodents and humans [47].
We only calculated the differences in outcomes between the study
days during the first 240  min following injection since the hormone
levels of intact GIP and intact GLP-2 hereafter reached baseline levels.
We also only used a single dose of the two hormones. Although the
current doses were selected on the basis of previous studies, higher doses
might have shown greater effects. Furthermore, protection of the pep
tides with e.g. DPP4 inhibitors or performing the study with a contin
uous infusion might have produced different results after the initial 4  h
period.

4.4. Limitations and strengths

5. Conclusion

As already mentioned, this study has limitations. We included only 9
participants in the statistical analysis and their BMI was ranging from
20.4 to 27.3  kg/m2, and years since menopause was ranging from 1 to
12  years which may have influenced responses to GIP and GLP-2.
However, a main strength of the study is that the participants all
served as their own controls in a crossover design. An important strength
of the study is the inclusion of a highly relevant study population –
namely postmenopausal women, who are at an increased risk of

In this preliminary study, we found that both GIP and GLP-2 sepa
rately attenuate the high nightly bone resorption (measured by
decreased CTX levels) in postmenopausal women. We also observed an
acute increase in the bone formation (measured by increased levels of
P1NP) in response to GIP. Notably, the combination of GIP and GLP-2
appeared to have complementary effects on the bone resorption and
thus, combining GIP and GLP-2 is potentially superior to either peptide
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alone. These findings support further studies into the effects of GIP and
GLP-2 combinations on bone turnover.
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