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SUMMARY Recently, it has been suggested that glucose-dependent insulinotropic polypeptide (GIP) and glucagon-
like peptide 1 (GLP-1), which play important roles in the homeostasis of glucose metabolism, could be
involved in the regulation of bone metabolism. Inhibitors of dipeptidyl peptidase 4 (DPP-4), an enzyme
that degrades GIP and GLP-1, are widely used clinically as a therapeutic agent for diabetes. However,
the effects of DPP-4 inhibitors on bone metabolism remain unclear. In this study, we investigated the
effects of linagliptin, a DPP-4 inhibitor, on bone fragility induced by type 2 diabetes mellitus (T2DM).
Non-diabetic mice were used as controls, and T2DM mice were administered linagliptin orally on a
daily basis for 12 weeks. In T2DM mice, decreased bone mineral density was observed in the lower
limb bones along with low serum osteocalcin levels and high serum tartrate-resistant acid phosphatase-
5b (TRAP) levels. In contrast, the decreased serum osteocalcin levels and increased serum TRAP
levels observed in T2DM mice were significantly suppressed after the administration of linagliptin 30
mg/kg. Bone histomorphometric analysis revealed a reduced osteoid volume and osteoblast surface
with an increase in the eroded surface and number of osteoclasts in T2DM mice. This decreased bone
formation and increased bone resorption observed in the T2DM mice were suppressed and trabecular
bone volume increased following the administration of 30 mg/kg linagliptin. Collectively, these
findings suggest that linagliptin may improve the microstructure of trabecular bone by inhibiting both
a decrease in bone formation and an increase in bone resorption induced by T2DM.
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1. Introduction

The bone is a metabolically active organ that undergoes
continuous remodeling due to bone resorption by
osteoclasts and bone formation by osteoblasts (/).
Under healthy conditions, the balance between bone
formation and bone resorption remains consistently
uniform; thus, bone strength and bone density are
maintained. Certain pathological states and drugs affect
normal bone remodeling, which can induce skeletal
disorders including osteopenia or osteoporosis (2).
Diabetes mellitus increases bone fragility by affecting
bone metabolism, resulting in secondary osteoporosis,
which increases the risk of fractures in patients (3-
7). Furthermore, it has been revealed that several oral
hypoglycemic agents affect bone metabolism (&). Long-
term users of thiazolidinedione, an insulin sensitizer,

have been reported to be at a significantly increased
risk of fractures (9-12). Previous investigations have
indicated that suppressed bone formation (/3) and
enhanced bone resorption (/4) are the mechanisms
underlying thiazolidine-induced bone fragility. Recently,
it has been suggested that the incretins glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like
peptide 1 (GLP-1), which play an important role in the
homeostasis of glucose metabolism, may be involved in
the regulation of bone formation (/5) and bone resorption
(16). Currently, GLP-1 receptor agonists, which enhance
incretin action, and inhibitors of dipeptidyl peptidase 4
(DPP-4), an enzyme that degrades GIP and GLP-1, are
extensively used clinically as therapeutic agents in type
2 diabetes mellitus (T2DM). However, the effects of
GLP-1 receptor agonists and DPP-4 inhibitors on bone
metabolism have not been clarified. In this study, we
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investigated the effects of linagliptin, a DPP-4 inhibitor,
on bone fragility induced by T2DM in obese mice.

2. Materials and Methods
2.1. Animals

Five-week-old male obese type 2 diabetic mice (BKS.
Cg-+ Lepr™/+ Lepr”/Jcl) and age-matched non-diabetic
mice (BKS.Cg-m +/ + Lepr™/Jcl) were purchased from
CLEA Japan Inc. (Tokyo, Japan). The animals were
housed at 22 + 2°C and 55 = 5% humidity on a 12-h
light-dark cycle with ad libitum access to standard
chow (MF; Oriental Yeast Co., Tokyo, Japan) and
water. All procedures were approved by the Animal
Research Committee of Niigata University of Pharmacy
and Applied Life Sciences according to the Japanese
Government Animal Protection and Management Law
and the Japanese Government Notification on Feeding
and Safekeeping of Animals.

2.2. Drugs

Commercially available linagliptin (Nippon Boehringer
Ingelheim Co., Ltd., Tokyo, Japan) agents was obtained
and suspended in 0.2% carboxymethylcellulose sodium
solution (CMC-Na; Sigma-Aldrich, St. Louis, MO,
USA).

2.3. Experimental procedure

The animals were randomly divided into four groups
(10 animals per group): [1] non-diabetic mice (non-
DM), [2] T2DM mice treated with vehicle (0.2% CMC-
Na) (T2DM), [3] T2DM mice treated with 3 mg/kg
linagliptin (Lina 3), and [4] T2DM mice treated with 30
mg/kg linagliptin (Lina 30). The drug doses were selected
based on a previous report (/7) relevant to the effective
doses of linagliptin with regard to glucose metabolism in
obese mice. The treatments were administered via oral
gavage at a volume of 0.1 mL/10 g of body weight once
daily for 12 weeks. Blood samples from the tail vein
were collected to measure blood glucose levels by using
a blood glucose measuring device (FreeStyle Freedom;
Nipro Co., Ltd., Osaka, Japan). All animals were
euthanized under CO, anesthesia 24 h after the final drug
was administered. The femur and tibia were dissected,
and soft tissue was removed.

2.4. Bone strength analysis

Bone strength of the femoral mid-diaphysis was
evaluated via a three-point bending method using a
mechanical testing machine (EZ-S; Shimadzu, Tokyo,
Japan). The femur was positioned on two supports
placed 10 mm apart. The bending load was vertically
applied to the mid-diaphysis with a crosshead speed of

1.0 mm/min until fracture. The load deformation curves
were calculated using operation software (Trapezium
X; Shimadzu, Tokyo, Japan), and the maximum load,
breaking energy, and stiffness were directly calculated
from the load deformation curve.

2.5. Bone mineral density measurements

The bone mineral density (BMD) of the whole femur
and tibia was measured using quantitative computed
tomography (LaTheta LCT-100; Aloka, Tokyo, Japan)
with a pixel size of 250 x 250 pum and slice thickness of
1 mm. Cortical, trabecular, and total BMD values were
calculated using LaTheta software (ver. 1.31; Aloka,
Tokyo, Japan).

2.6. Serum biochemical markers

Serum levels of osteocalcin, a bone formation marker,
were measured using the osteocalcin EIA kit (Biomedical
Technologies Inc., Stoughton, MA, USA). Furthermore,
serum levels of tartrate-resistant acid phosphatase-5b
(TRAP), a bone resorption marker, were measured using
the TRAP assay (Immunodiagnostic Systems Ltd., Tyne
& Wear, UK).

2.7. Bone histomorphometry

Non-decalcified specimens from the proximal tibia
metaphysis were prepared according to the following
method. The tibia was fixed with 70% ethanol for 7
days, stained with Villanueva Bone Stain (basic fuchsin,
fast green, orange G, and azure II; Merck, Darmstadt,
Germany) in 70% methanol for 7 days, and embedded
in methyl methacrylate resin. The resin blocks were
then sliced to 5-pum thickness on a microtome (Leica
RM2255; Leica Inc., Nussloch, Germany). All bone
histomorphometric parameters were measured in the
secondary spongiosa region. To exclude the primary
spongiosa, the measurement region was 0.11.2 mm
distal to the lowest point of the growth plate and 0.1
mm from the lateral cortex.

Bone histomorphometric measurements were
performed using a semiautomatic image analyzing
system (Histometry RT CAMERA; System Supply,
Nagano, Japan) at x400 magnification. The bone
structural parameters evaluated included bone volume
per tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp). The bone formation parameters
included the osteoid surface per bone surface (OS/
BS), osteoid volume per bone volume (OV/BV), and
osteoblast surface per bone surface (Ob.S/BS). Bone
resorption parameters included the eroded surface per
bone surface (ES/BS), osteoclast surface per bone
surface (Oc.S/BS), and osteoclast number per bone
surface (N.Oc/BS). Standard bone histomorphometric
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nomenclature, symbols, and units were based on
those described in the report of the American Society
for Bone and Mineral Research Histomorphometry
Nomenclature Committee (/8).

2.8. Statistical analysis

Data are presented as mean + standard error (SE) values.
Differences between groups were analyzed by one-way
analysis of variance followed by Tukey-Kramer multiple
comparisons. p < 0.05 was considered significant.

3. Results
3.1. Body weight and blood glucose levels

During the experimental period, body weight and blood
glucose levels in the T2DM group were significantly
higher than those in the non-DM group (Figure 1).
There were no significant differences in mean body
weight among the T2DM, Lina 3, and Lina 30 groups
during the treatment period of 12 weeks. At 12 weeks
after treatment, the mean blood glucose levels in the
Lina 3 and Lina 30 groups decreased by approximately
8% and 22%, respectively, compared with that in the
T2DM group. However, intergroup differences were not
significant.

3.2. Bone strength properties

The following parameters of the femoral mid-diaphysis
significantly decreased in the T2DM group compared
with those in the non-DM group: maximum load (26%),
breaking energy (28%), and stiffness (22%) (Table

Table 1. Bone strength properties of the femoral mid-diaphysis

1). There were no significant differences in the bone
strength parameters in the Lina 3 and Lina 30 groups
compared to those in the T2DM group.

3.3. BMD

Compared to the non-DM group, the T2DM group
exhibited significantly decreased cortical BMD (10%,
14%), trabecular BMD (22%, 27%), and total BMD
(19%, 22%) of the whole femur and tibia, respectively
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Figure 1. Body weight (A) and blood glucose levels (B). non-DM:
non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle
(0.2% CMC-Na), Lina 3: T2DM mice treated with 3 mg/kg linagliptin,
Lina 30: T2DM mice treated with 30 mg/kg linagliptin. Data represent
the mean + SE (n = 10). ‘p < 0.05 vs. the non-DM group.

non-DM T2DM Lina 3 Lina 30
Maximum load (N) 18.1+0.79 13.4+0.45 13.9+0.347 145+0.41
Breaking energy (N.mm) 4.80+0.38 3.47+037 3.68+0.28 4.00+0.25
Stiffness (N/mm) 60.1 +4.51 46.9+3.31° 48.7+3.03" 52.2+3.57

non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle (0.2% CMC-Na), Lina 3: T2DM mice treated with 3 mg/kg
linagliptin, Lina 30: T2DM mice treated with 30 mg/kg linagliptin. Data represent the mean + SE (n = 10). 'p < 0.05 vs. the non-DM group.

Table 2. BMD of whole femur and tibia

non-DM T2DM Lina 3 Lina 30

Whole femur

Cortical BMD (mg/cm’) 974+ 13.7 871+ 12.8 881+ 13.4° 886 + 12.3"
Trabecular BMD (mg/cm®) 623+ 14.9 483 +13.5 499+ 13.97 511+15.5
Total BMD (mg/cm’) 917+13.2 745+ 154" 754 £13.0° 778 £12.5
Whole tibia

Cortical BMD (mg/cm’) 998 + 10.1 855+ 7.86 860+ 11.9" 868 +7.50"
Trabecular BMD (mg/cm’) 664 + 7.63 487+ 16.0° 434+178" 512+16.1°
Total BMD (mg/cm’) 898 +12.9 786 + 8.96° 787 +11.6° 799 + 14.4°

BMD: bone mineral density, non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle (0.2% CMC-Na), Lina 3: T2DM mice
treated with 3 mg/kg linagliptin, Lina 30: T2DM mice treated with 30 mg/kg linagliptin. Data represent the mean + SE (n = 10). p < 0.05 vs. the

non-DM group.
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(Table 2). On the other hand, no significant differences
in BMD were observed after treatment with linagliptin
compared to that in the T2DM group.

3.4. Serum biochemical markers

Serum osteocalcin levels were significantly lower (45%)
and serum TRAP levels were significantly higher
(70%) in the T2DM group than in the non-DM group
(Figure 2). No differences were observed both serum
osteocalcin levels and serum TRAP levels in the Lina
3 group compared with the T2DM group. However,
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Figure 2. Serum biochemical markers (A: osteocalcin, B: TRAP).
non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with
vehicle (0.2% CMC-Na), Lina 3: T2DM mice treated with 3 mg/kg
linagliptin, Lina 30: T2DM mice treated with 30 mg/kg linagliptin,
TRAP: tartrate-resistant acid phosphatase-5b. Data represent the
mean = SE (n = 10). “p < 0.01 vs. the non-DM group, °p < 0.01 vs. the
T2DM group.

in the Lina 30 group, serum osteocalcin levels
significantly increased (55%), whereas serum TRAP
levels significantly decreased (38%) compared with the
T2DM group values.

3.5. Bone histomorphometric evaluation

Bone formation and bone resorption parameters are
shown in Figure 3. Compared to those in the non-
DM group, in the T2DM mice, the bone formation
parameters OV/BV, OS/BS, and Ob.S/BS significantly
decreased by approximately 39%, 59%, and 79%,
respectively, whereas ES/BS, Oc.S/BS, and N.Oc/BS
significantly increased by approximately 94%, 96%,
and 84%, respectively. However, OV/BV, OS/BS, and
Ob.S/BS (44%, 81%, and 70%, respectively) were
significantly increased in the Lina 30 group compared
with the T2DM groups. Moreover, ES/BS, Oc.S/BS,
and N.Oc/BS (40%, 33%, and 34%, respectively)
were significantly decreased in the Lina 30 group
compared with those in the T2DM group. Trabecular
bone structural parameters are shown in Figure 4. In
the T2DM mice showed significantly reduced BV/
TV (55%), Tb.Th (35%), and Tb.N (47%) relative to
those in the non-DM group. Furthermore, the values of
these bone structural parameters in the Lina 30 group
were significantly higher than those in the T2DM
group. Figure 5 shows typical microphotographs of
the proximal tibia metaphysis using Villanueva Bone
Stain. These images confirmed the marked decrease in
bone volume, trabecular thickness, and osteoid volume
and an increased eroded surface in the T2DM group
compared with the non-DM group. In contrast, the Lina
30 group showed markedly increased bone volume,
osteoid volume, and trabecular thickness compared
with the T2DM group.
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Figure 3. Bone formation parameters (A: osteoid volume [OV/BV], B: osteoid surface [OS/BS], C: osteoblast surface [Ob.S/BS], D:
eroded surface [ES/BS], E: osteoclast surface [Oc.S/BS], F: osteoclast number [N.Oc/BS]) according to bone histomorphometry of the
proximal tibia metaphysis. non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle (0.2% CMC-Na), Lina 3: T2DM mice
treated with 3 mg/kg linagliptin, Lina 30: T2DM mice treated with 30 mg/kg linagliptin. Data represent the mean + SE (n = 10). °p < 0.01 vs. the

non-DM group, °p < 0.01 vs. the T2DM group.
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Figure 4. Trabecular bone structural parameters (A: bone volume per tissue volume [BV/TV], B: trabecular thickness [Tb.Th], C:
trabecular number [Tb.N], D: trabecular separation [Tb.Sp]) according to the bone histomorphometry of the proximal tibia metaphysis.
non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle (0.2% CMC-Na), Lina 3: T2DM mice treated with 3 mg/kg
linagliptin, Lina 30: T2DM mice treated with 30 mg/kg linagliptin. Data represent the mean + SE (n = 10). °p < 0.05 vs. the non-DM group, °p < 0.05

vs. the T2DM group.

Figure 5. Typical micrographs of slices assessed by bone histomorphometry (Villanueva Bone Stain). The osteoid surface and eroded surface
are indicated by blue and red arrows, respectively. non-DM: non-diabetic mice, T2DM: type 2 diabetic mice treated with vehicle (0.2% CMC-

Na), Lina 30: T2DM mice treated with 30 mg/kg linagliptin.

4. Discussion

GIP and GLP-1 are produced by K cells mainly present
in the upper small intestine and L cells predominantly
present in the lower small intestine, respectively. They
are secreted into the blood following dietary intake,
and promote insulin secretion from pancreatic B-cells
and suppress postprandial blood glucose elevation
(19). A previous study demonstrated that the actions
of GIP and GLP-1 are reduced in patients with T2DM
compared to those in healthy individuals (20,27). In
addition to their roles in glucose metabolism, GIP
and GLP-1 have various physiological actions. GIP
directly acts on adipocytes, promotes the uptake of
glucose and fatty acids, and induces fat accumulation
(22). GLP-1 reportedly delays gastric emptying in
the gastrointestinal tract (23) and suppresses appetite
via the central nervous system (24). In addition to
these actions, GIP and GLP-1 may be involved in
the regulation of bone metabolism (/5,7/6). DPP-4
inhibitors inactivate the incretin-degrading enzyme
DPP-4 and exert antidiabetic effects by increasing the
plasma concentrations of both GIP and GLP-1 (25).
Several clinical studies have assessed incretin-related
drug use and the risk of fracture. A meta-analysis of
randomized controlled trials revealed a reduced risk
of fracture associated with the use of GLP-1 receptor
agonists (26) and DPP-4 inhibitors (27) in the treatment
of T2DM patients. Conversely, a retrospective

cohort study showed that even long-term use of
DPP-4 inhibitors failed to affect the risk of fracture
(28). However, the mechanism by which increased
incretin action through DPP-4 inhibitors affects bone
metabolism remains unclear.

In this study, we used T2DM mice, exhibiting obesity
and hyperglycemia induced by marked overeating due
to a deficiency of the leptin receptor (29). The T2DM
mice in this study exhibited significant hyperglycemia
that persisted throughout the 12-week experiment.
Further, daily administration of linagliptin reduced the
mean blood glucose levels in the T2DM mice in a dose-
dependent manner, but not significantly. The results of
the weak hypoglycemic effect of linagliptin on T2DM
mice are consistent with those reported previously in
non-diabetic mice (30), streptozotocin-induced diabetic
mice (37,32), and T2DM mice (33,34). Importantly,
the administration of linagliptin significantly
increased serum active GLP-1 concentration in
mice without exerting a clear hypoglycemic effect
(30,32). Furthermore, the T2DM mice showed
significantly decreased bone strength and BMD in
the lower limb bones, with a significant decrease in
serum osteocalcin levels and a significant increase in
serum TRAP levels. These results indicate that bone
fragility in T2DM mice is caused by decreased bone
formation and increased bone resorption. Linagliptin
administration did not significant affect the decreased
bone strength and BMD in T2DM mice. However,
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it significantly suppressed both decreased serum
osteocalcin levels and increased serum TRAP levels in
T2DM mice. Based on biochemical marker analysis,
it can be suggested that linagliptin may suppress
both decreased bone formation and increased bone
resorption induced by T2DM. However, although the
biochemical indices of bone metabolism are relatively
sensitive indicators of bone turnover, they do not
reflect changes in bone density and microstructure
(35). Bone histomorphometry is a method used to
study histology and quantitatively evaluate the bone
remodeling process. Consequently, a combination
of bone histomorphometry and biochemical analysis
will serve as a powerful tool to assess the changes
in bone morphology and metabolism. Therefore, in
this study, bone histomorphometry was performed to
assess changes in bone remodeling and microstructure
attributable to linagliptin administration. T2DM
mice showed significantly decreased BV/TV, Tb.Th,
and Tb.N and significantly increased Tb.Sp of the
proximal tibial trabecular bone, exhibiting rarefaction
of trabecular bone owing to the onset of T2DM. In
contrast, the deterioration of bone microstructural
parameters observed in the T2DM mice improved
following linagliptin administration. Furthermore,
these mice showed significantly decreased OV/BY,
OS/BS, and Ob.S/BS. Notably, OS/BS and OV/BV
are indicators of the ratio of uncalcified bone volume,
whereas Ob.S/BS is considered a marker of osteoblast
activity (36). Furthermore, the T2DM mice showed
significantly increased ES/BS, which indicates the
ratio of the bone surface where bone resorption by
osteoclasts was induced. This increase in ES/BS was
accompanied by an increase in Oc.S/BS and N.Oc/
BS, indicating the ability of osteoclast differentiation.
Conversely, linagliptin administration significantly
suppressed the decreased OV/BYV, OS/BS, and Ob.S/
BS as well as increased ES/BS, Oc.S/BS, and N.Oc/
BS in T2DM mice. These bone histological findings
revealed that linagliptin ameliorates the deterioration
of the trabecular bone microstructure by suppressing
both decreased bone formation and increased bone
resorption caused by T2DM. The mechanisms by
which GIP and GLP-1 affect osteoblast and osteoclast
functions remain unknown. In a previous study, it
was reported that GIP receptors are also present in
osteoblasts and that GIP suppresses the apoptosis
of osteoblasts (/5). In addition, the presence of GIP
receptors in osteoclasts has been revealed, and GIP
has been shown to directly suppress bone resorption
activity increased by the parathyroid hormone (/6). In
fact, GIP receptor-deficient mice exhibit a significant
decrease in the bone formation rate and an increase
in the number of osteoclasts (/5). In contrast, GIP-
overexpressing transgenic mice showed significantly
higher BMD, demonstrating an increase in serum
osteocalcin levels and a decrease in the levels of the

bone resorption marker pyridinoline (37). Furthermore,
it has been reported that compared to wild-type
mice, GLP-1 receptor-deficient mice exhibit reduced
bone strength and decreased BMD, accompanied by
suppression of bone formation and enhancement of
bone resorption (38). These previous reports and our
findings in this study indicate that an increase in GIP
and GLP-1 may be responsible for both enhanced bone
formation and suppressed bone resorption induced by
linagliptin administration. To our knowledge, this is the
first study to provide data supporting the phenomenon
of linagliptin-induced enhanced bone formation and
suppressed bone resorption from the perspective of
bone histomorphology.

In conclusion, in this study, we examined the effects
of linagliptin on bone fragility in obese T2DM mice.
Linagliptin administration suppressed both decreased
serum osteocalcin levels and increased serum TRAP
levels in T2DM mice. In addition, in terms of
histomorphological changes, linagliptin suppressed
both decreased bone formation by osteoblasts and
increased bone resorption by osteoclasts due to T2DM.
Furthermore, linagliptin ameliorated rarefaction in
the trabecular bone microstructure in T2DM mice.
Based on the above results, this study showed that
linagliptin improves trabecular bone microstructure
by suppressing both decreased bone formation and
increased bone resorption induced by T2DM. These
novel findings pertaining to the effects of DPP-4
inhibitors on bone metabolism regulation will be a
powerful tool for selecting optimal oral hypoglycemic
agents based on the consideration of not only glucose
metabolism but also bone fragility in patients with
T2DM.
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