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Background: Prospective comparative studies on the effects of various antidiabetic agents on bone metabolism are limited. This study
aimed to assess changes in bone mass and biochemical bone markers in postmenopausal patients with type 2 diabetes mellitus
(T2DM).

Methods: This prospective, multicenter, open-label, comparative trial included 264 patients with T2DM. Patients who had received
a metformin, or sulfonylurea/metformin combination (Group 1); a thiazolidinedione combination (Group 2); a dipeptidyl peptidase-4
inhibitor (gemigliptin) combination (Group 3); or an sodium-glucose cotransporter 2 inhibitor (empagliflozin) combination (Group
4) were prospectively treated for 12 months; bone mineral density (BMD) and bone turnover marker (BTM) changes were evaluated.
Results: The femoral neck BMD percentage changes were —0.79%%2.86% (Group 1), —2.50%%3.08% (Group 2), —1.05%=+2.74%
(Group 3), and —1.24%%2.91% (Group 4) (P<0.05). The total hip BMD percentage changes were —0.57%+1.79% (Group 1),
—1.74%=1.48% (Group 2), —0.75%=£1.87% (Group 3), and —1.27%+1.72% (Group 4) (P<0.05). Mean serum BTM (C-terminal
type 1 collagen telopeptide and procollagen type 1 amino-terminal propeptide) levels measured during the study period did not
change over time or differ between groups.

Conclusion: Significant bone loss in the femoral neck and total hip was associated with thiazolidinedione combination regimens.
However, bone loss was not significantly associated with combination regimens including gemigliptin or empagliflozin. Caution
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should be exercised during treatment with antidiabetic medications that adversely affect the bone in patients with diabetes at a high

risk of bone loss.

Keywords: Osteoporosis; Diabetes mellitus; Bone density; Thiazolidinediones; Sodium-glucose transporter 2 inhibitors

INTRODUCTION

Osteoporosis is defined as low bone mass and microarchitectur-
al bone deterioration leading to increased bone fragility and
fracture susceptibility [1]. Osteoporosis is a systemic skeletal
disease that progresses gradually, and as the elderly population
increases, the worldwide prevalence and associated socioeco-
nomic burden are rising [2-4].

Bone is an important target organ subject to diabetic compli-
cations, and there is increasing evidence of a link between dia-
betes and osteoporosis. Type | diabetes is an important second-
ary cause of osteoporosis and is characterized by lower bone
mass and higher fracture than those observed in the healthy
population [5]. In patients with type 2 diabetes mellitus
(T2DM), the bone mineral density (BMD) of the lumbar spine
and hip was found to be normal or even higher than that of
healthy subjects, and the results were consistent even after ad-
justing for age, sex, ethnicity, and body mass index [6,7]. How-
ever, the risk of fragility fractures is higher in patients with
T2DM. An increased risk of fracture in patients with T2DM is
associated with the duration of diabetes, the presence of diabetes
complications, the type of antidiabetic medication, or frequent
falls [5,7,8]. In the Women’s Health Initiative Observational
Study, women with T2DM were at increased risk for fractures
despite BMD being increased; this result remained consistent
even after adjustment for multiple risk factors for fracture [8].

Some antidiabetic medications are known to increase frac-
tures in patients with diabetes. According to the Diabetes Out-
come Progression Trial (ADOPT), fractures were more com-
mon in patients treated with a peroxisome proliferator-activated
receptor y agonist than in the patients treated with metformin or
glyburide [9]. Recent data from a randomized phase 3 study
suggest that canagliflozin, a sodium-glucose cotransporter 2 in-
hibitor (SGLT21i), lowers BMD and increases fracture risk com-
pared with the respective outcomes in the placebo group [10].
However, other SGLT21i, dapagliflozin or empagliflozin, did not
report a decrease in bone density or an increase in fractures [11].
Alternatively, metformin and sulfonylurea have a neutral effect
on bone, while incretin-based treatments may have a positive
effect [5]. Most studies to date have performed comparisons
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with placebo or between single drugs; however, in practice, it is
more common to combine multiple antidiabetic agents with dif-
ferent mechanisms to lower blood glucose than to administer a
single agent. Moreover, data on the effects of gemigliptin and
empagliflozin on bone metabolism in real practice are limited.
Therefore, in this prospective study, patients who had previous-
ly been treated with various regimens of oral combination ther-
apy were divided into groups, changes in bone mass and bone
markers were prospectively observed for 12 months, and differ-
ences between groups were compared.

METHODS

Patients and sample collection

We conducted a prospective, multicenter, open-label, compara-
tive study to determine the effects of antidiabetic medications
on bone metabolism in patients with T2DM. The study flow for
study subject evaluation is depicted in Fig. 1. Subjects with
T2DM who had previously been treated with metformin mono-
therapy or combination metformin/sulfonylurea were divided
into four groups (n=227): Group 1, continued metformin mono-
therapy or combination metformin/sulfonylurea (n=>52); Group
2, addition of thiazolidinedione (TZD) (n=60); Group 3, addi-
tion of dipeptidyl peptidase-4 inhibitor (DPP4i) (n=61); and
Group 4, addition of SGLT2i (n=54). BMD and bone turnover
markers (BTMs) were prospectively observed for 12 months (Fig.
1). After exclusion, a total of 193 subjects (45 subjects in Group 1,
47 subjects in Group 2, 53 subjects in Group 3, and 48 subjects
in Group 4) were eligible for the analysis (Fig. 1). The type and
dosage of medications were determined according to the physi-
cian’s clinical discretion. Subjects with other underlying diseas-
es that would affect bone metabolism were excluded from the
enrollment. Subjects were excluded if they were treated with
any of the following drugs: corticosteroid, anticonvulsants, thy-
roid hormones, aromatase inhibitors, bisphosphonates, estrogen
or selective estrogen receptor modulator, parathyroid hormone
(PTH), teriparatide, or denosumab. For sulfonylureas, glimepiri-
de was employed, with daily doses between 0.5 and 2 mg. Daily
metformin titration ranged from 500 to 1,500 mg, depending on
the physician’s discretion. Among TZDs, pioglitazone account-
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Subjects with T2DM who had previously been treated with metformin
monotherapy or metformin/sulfonylurea combination were divided
into four groups (n=227)

v

Group A (Control)

Metformin and/or sulfonylurea
(n=52)

Group B
Thiazolidinedione with

metformin and/or sulfonylurea

Group C
DPP4i with
metformin and/or sulfonylurea

Group D
SGLT2i with

metformin and/or sulfonylurea

v

(n=60)
!

(n=61)
y

(n=54)
y

Lost to follow-up (n=5)
Withdrawal of consent (n=2)

Lost to follow-up (n=7)
Withdrawal of consent (n=6)

Lost to follow-up (n=4)
Withdrawal of consent (n=4)

Lost to follow-up (n=4)
Withdrawal of consent (n=2)

'

'

'

y

45 Patients completed follow-up
for 12 months and were eligible

47 Patients completed follow-up
for 12 months and were eligible

for the analysis for the analysis

53 Patients completed follow-up
for 12 months and were eligible

48 Patients completed follow-up
for 12 months and were eligible

for the analysis for the analysis

Fig. 1. Enrollment, randomization, and follow-up of participants. T2DM, type 2 diabetes mellitus; DPP41i, dipeptidyl peptidase-4 inhibitor;

SGLT?2i, sodium-glucose cotransporter 2 inhibitor.

ed for 76.6% and lobeglitazone accounted for 23.4%. Gemi-
gliptin 50 mg was administered as a DPP4i, and empagliflozin
10 or 25 mg was administered as an SGLT2i. All study subjects
received calcium and vitamin D supplements, with the aim of
maintaining serum 25-hydroxyvitamin D levels =20 ng/mL.
Performing moderate-intensity exercise for 150 minutes per
week was recommended to all study participants. For the analy-
sis, patients in each group were prospectively observed for 12
months, and changes in BMD and biochemical markers, includ-
ing BTMs, were evaluated. BMD was measured at baseline and
12 months. Subjects’ body weight and height were simultane-
ously measured while measuring BMD. Blood was sampled be-
tween 7:00 AM and 9:00 AM after 8 hours of overnight fasting
to evaluate serum glucose, calcium, phosphorus, creatinine, al-
bumin, PTH, 25-hydroxyvitamin D, total procollagen type 1
amino-terminal propeptide (P1NP), and C-terminal type 1 col-
lagen telopeptide (CTx). Biochemical testing, except BTM
measurement, was performed five times during the study peri-
od: at baseline, 3, 6, 9, and 12 months. BTM was measured
three times: at baseline, between 3 and 6 months of the study,
and between 9 and 12 months of the study. Serum calcium was
corrected for changes in serum albumin concentration accord-
ing to the following formula: corrected calcium (mg/dL)=actual
calcium+(4—serum albumin)x0.8. As a part of standard care
monitoring, glycated hemoglobin (HbA1c) and fasting serum
glucose were measured at every follow-up to provide a standard
of care for patients with diabetes. This study protocol was re-
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viewed and approved by the Institutional Review Board of
Yeouido St. Mary’s Hospital (Seoul, Korea), and all patients
signed an informed consent form before entering the study
(XC160IMI00318).

Assays

Serum calcium, phosphorus, albumin, and creatinine levels
were determined using an autoanalyzer (747 automatic analyz-
er, Hitachi, Tokyo, Japan). HbAlc levels were measured using
high-performance liquid chromatography (HLC- 723G7, Tosoh,
Tokyo, Japan). Serum PINP (Elecsys total PINP, Roche Diag-
nostics, Rotkreuz, Switzerland), CTx (Elecsys B-CrossLaps,
Roche Diagnostics), and PTH (intact PTH, Elecsys PTH, Roche
Diagnostics) concentrations were determined in duplicate using
an ECLIA (Cobas e 801, Roche Diagnostics). 25-Hydroxyvita-
min D (Access 25(OH) Vitamin D Total DXI reagent, Beckman
Coulter Inc., Brea, CA, USA) was measured using a UniCel
DxI 800 Immunoassay Analyzer (Beckman Coulter Inc.). The
maximum inter- and intra-assay coefficients of variation (CVs)
for the range of concentrations evaluated were 4.1% and 2.6%
for PINP and 6.5% and 3.6% for CTx. The manufacturer sug-
gested a reference range for CTx in postmenopausal women
<1.008 ng/mL and a reference range for PINP in postmeno-
pausal women without postmenopausal hormone replacement
therapy of 20.25 to 76.31 ng/mL.
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BMD measurement

The BMD of the lumbar spine (lumbar vertebrae L1-L4), femo-
ral neck, and total hip were measured by dual-energy X-ray ab-
sorptiometry using a Hologic Delphi W (Hologic Inc., Bedford,
MA, USA) at baseline and after 12 months. The CV was deter-
mined to be 1.2% at the lumbar spine and 1.9% at the femoral
neck. The BMD measurement was performed by one technician
with >10 years of experience. To properly control the quality of
bone density measurement, our institution performed quality
control for the bone density equipment and the bone density tes-
ter according to the protocol.

Statistical analysis

All data were analyzed using SPSS version 20.0 for Windows
(IBM Co., Armonk, NY, USA). The data are presented as the
meanzstandard deviation, unless otherwise stated. Graphics
were produced using GraphPad Prism version 5.0 (GraphPad

Software Inc., San Diego, CA, USA). In the evaluation of clini-
cal features, we used the chi-square test for analysis of categori-
cal variables and Student’s # test for the analysis of continuous
variables. The mean percentage changes for BMD and other
biochemical markers from baseline were analyzed using repeat-
ed measures analysis of variation (ANOVA) and Dunnett’s
method, if appropriate. P values <0.05 were considered to rep-
resent statistically significant results for all comparisons.

RESULTS

Baseline characteristics

Clinical characteristics at baseline are summarized in Table 1.
The subjects were postmenopausal women with a mean age of
66.5+7.1 years and experienced menopause an average of 16.1+
8.0 years prior. There was no difference between the four groups
in regard to age, years after menopause, or body mass index. The

Table 1. Baseline Characteristics of the Study Population by Group
Characteristic Total (n=193)  Group | (n=45) Group 2 (n=47) Group 3 (n=53) Group 4 (n=48) Pvalue
Age, yr 66.5+7.1 65.4+7.0 65.9+7.0 67.9+7.2 66.5+7.0 0.309
Years since menopause 16.1+8.0 17.1+£9.4 155172 17.4+8.6 14.1+6.4 0.277
Height, cm 153.2+12.0 153.4+4.9 153.7+4.8 151.6£3.6 154.5+4.4 0.640
Weight, kg 60.0+7.8 59.8+7.2 60.5+8.2 59.4+8.2 60.5+7.4 0.473
Body mass index, kg/m? 25343.0 25.7£3.0 25.6%3.1 249431 254428 0.321
Diabetes duration, yr 10.4+7.9 8.0+£6.5 11.5£7.7 11.5£7.7 10.5+9.2 0.820
Glycated hemoglobin, % 6.5+0.6 6.5+£0.5 6.5£0.6 6.4£0.5 6.6+0.6 0.184
Previous clinical fracture 16 (8.3) 4(8.9) 3(6.4) 5(9.4) 4(8.3) 0.439
T-score

Lumbar spine -1.6+1.1 -1.8+1.1 -1.7+£1.2 -1.7£1.0 -1.3+1.1 0.199

Femoral neck -1.3£0.9 -13£1.0 -1.3£0.8 -1.3£0.9 -12£0.8 0.959

Total hip —0.7£1.0 —0.8%1.1 —0.8£1.0 —0.8+1.0 —0.6£0.9 0.719
BMD, g/cm?*

Lumbar spine 0.9421+0.132 0.928+0.129 0.932+0.142 0.932+0.127 0.9774£0.131 0.226

Femoral neck 0.790£0.104 0.790£0.121 0.790+£0.095 0.784+£0.103 0.7954+0.100 0.953

Total hip 0.88740.120 0.881£0.126 0.883+0.120 0.883£0.120 0.905%+0.112 0.681
Serum CTx, ng/mL 0.44+0.20 0.44+0.22 0.42+0.17 0.43+0.20 0.49+0.22 0.385
Serum PINP, ng/mL 472+£16.6 49.1£16.7 453+£11.8 452+£153 49.5£21.9 0.509
Serum 25-hydroxyvitamin D, ng/mL 259475 25.8+6.6 254+93 26.0+£7.2 264168 0.928
Serum calcium, mg/dL 92+04 92+04 9.1£0.3 92+04 92+04 0.510
Serum creatinine, mg/dL 0.67£0.16 0.63+0.14 0.74+0.23 0.67+0.13 0.65+0.14 0.097
Values are expressed as mean + standard deviation or number (%). Group 1, metformin or metformin/sulfonylurea combination; Group 2, thiazolidinedi-
one with metformin and/or sulfonylurea combination; Group 3, dipeptidyl peptidase-4 inhibitor (gemigliptin) with metformin and/or sulfonylurea com-
bination; Group 4, sodium-glucose cotransporter 2 inhibitor (empagliflozin) with metformin and/or sulfonylurea combination.
BMD, bone mineral density; CTx, C-terminal telopeptides of type I collagen; PINP, total procollagen type 1 amino-terminal propeptide.
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mean duration of diabetes was 10.4+7.9 years, with Group 1 ~ Changes in BMD
having the shortest duration at 8.0+6.5 years, but there was no ~ The percentage changes in BMD from baseline to 12 months
significant difference among the groups. The mean baseline ~ were analyzed according to groups (Table 3, Fig. 2). The lumbar
HbAlc level was 6.5%=%0.6%, without significant differences  spine BMD reduction was found to be the highest in the SGLT2i
among groups. The baseline BMD was 0.942+0.132 for the lum-  group (Group 4) (-1.28%+2.65%), despite not exhibiting a sig-
bar spine, 0.790£0.104 for the femoral neck, and 0.887+£0.120  nificant decrease compared to baseline (P=0.314) or a statisti-
for the total hip, and T-score at baseline was —1.6%1.1. There was  cally significant difference among groups (P=0.265). The de-
no significant difference in the T-score or BMD at baseline for  crease in femoral neck BMD in the TZD group (Group 2) at 12
all measurement sites among the groups. In addition, detailed in- ~ months was found to be significant compared to the baseline val-
formation on the prescription patterns of each group is provided  ue (-2.50%=£3.08%, P=0.015), and the reduction was also sig-
in Table 2. In each group, a dual combination with metformin  nificant in comparison with the other three groups (P=0.012).
was the most commonly prescribed combination. For the total hip, BMD decreased significantly from baseline at
12 months in the TZD group (Group 2) (-1.74%+1.48%, P=

. o S 0.046) and was also significantly different from sulfonylurea
Table 2. Prescription Patterns of Antidiabetic Medications in ) & Y Y
Each Group
Patterns No. (%) Table 3. Difference in Percentage Changes of Bone Mineral
Group 1 (n=45)  Metformin-+Sulfonylurea 4191.1) Density from Baseline to 12 Months between Groups
Metformin monotherapy 4(8.9) Lumbar spine, % Femoral neck, %  Total hip, %
Group 2 (n=47)  Metformin+Thiazolidinedione 38(80.9) Group 1 0241232 —0.79+2.86 —0.57+£1.79
siistitomaise sl o SELI) Group 2 1.00£2.94  250£3.08° 1744148
Sulfonylurea
Group 3 —0.621+2.50 -1.05+2.74 —0.75+1.87
Group 3 (n=53) Metformin+DPP4i 43 (81.1) G 4 1.2842.65 1244291 LA
Metformin+DPP4i+Sulfonylurea 10(18.9) — e i B
Group4 (n=48)  Metformin+SGLT2i 38(79.2) Values are expressed as mean=standard deviation. Group 1, metformin
Metformin+SGLT2i+Sulfonylurea 10 (20.8) or metformin-/sulfonylurea combination; quup 2, thiazolid?nedi'one
with metformin and/or sulfonylurea combination; Group 3, dipeptidyl
Group 1, metformin or metformin/sulfonylurea combination; Group 2, peptidase-4 inhibitor (gemigliptin) with metformin and/or sulfonylurea
thiazolidinedione with metformin and/or sulfonylurea combination, pio- combination; Group 4, sodium-glucose cotransporter 2 inhibitor (empa-
glitazone accounted for 76.6% and lobeglitazone accounted for 23.4%; gliflozin) with metformin and/or sulfonylurea combination. P for trend
Group 3, DPP4i (gemigliptin) with metformin and/or sulfonylurea com- compared with the baseline; P value by one-way analysis of variation
bination; Group 4, SGLT2i (empagliflozin) with metformin and/or sul- (ANOVA) and post hoc analysis. Dunnett’s method was applied for post
fonylurea combination. hoc analysis.
DPP4i, dipeptidyl peptidase-4 inhibitor; SGLT2i, sodium-glucose co- 2P<0.05 compared to baseline and other groups; *P<0.05 compared to
transporter 2 inhibitor. baseline and Group 1 and 3.
g 5 g 51 g St B Group 1
2 2 2 W Group 2
T; é é H Group 3
__8 __8 ,g MW Group 4
= = g
g0 g0 g0
Q [ Q
&n en on
g g g
S S S
a a o b.c
= = =
m-s b m-s b ab m-s b
Lumbar spine 0 Femoral neck e Total hip G

Fig. 2. Percentage change of bone mineral density (BMD) from baseline to 12 months. (A) Lumbar spine, (B) femoral neck, (C) total hip.
Group 1, metformin or metformin/sulfonylurea combination; Group 2, thiazolidinedione with metformin and/or sulfonylurea combination;
Group 3, dipeptidyl peptidase 4 inhibitor with metformin and/or sulfonylurea combination; Group 4, sodium-glucose cotransporter 2 inhibi-
tors with metformin and/or sulfonylurea combination. *P<0.05 compared with Group 1, 3, and 4; *P<0.05 compared with baseline;
°P<0.05 compared with Group 1 and 3.
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Table 4. Bone Turnover Markers during the Study Period

Baseline Point 1 Point 2 P for trend

CTx, ng/mL

Group 1 0.44+0.22 0.50+0.25 0.45+0.22 0.368

Group 2 0.42£0.17 0.43+0.16 0.43%+0.16 0.713

Group 3 0.43+0.20 0.45+0.17 0.44%+0.17 0.215

Group 4 0.49+0.22 0.48%+0.17 0.47+0.20 0.709
PINP, ng/mL

Group 1 49.1+£16.7 52.1x13.8 51.5£18.6 0.448

Group 2 453+11.8 472+139 47.1+124 0.543

Group 3 4524153 479155 45.7+154 0.198

Group 4 49.5+219 51.6+£182 50.4+£18.7 0.253

Values are expressed as mean+ standard deviation. Point 1, between 3—6
months of the study; Point 2, between 9-12 months of the study. Group
1, metformin or metformin/sulfonylurea combination; Group 2, thia-
zolidinedione with metformin and/or sulfonylurea combination; Group
3, dipeptidyl peptidase-4 inhibitor (gemigliptin) with metformin and/or
sulfonylurea combination; Group 4, sodium-glucose cotransporter 2 in-
hibitor (empagliflozin) with metformin and/or sulfonylurea combina-
tion. P for trend compared with the baseline; P value by one-way analy-
sis of variation (ANOVA) and post hoc analysis. Dunnett’s method was
applied for post hoc analysis.

CTx, C-terminal type 1 collagen telopeptide; PINP, total procollagen
type 1 amino-terminal propeptide.

group (Group 1) (P=0.007) and the DPP4i group (Group 3)
(P=0.024) but not from the SGLT2i group (Group 4) (P=0.638).

Levels of bone turnover markers

Serum levels of CTx and PINP during the study period are
summarized in Table 4. No significant changes in CTx or PINP
were observed during the study period in any group. During the
9- to 12-month period of the study, the lowest CTx was mea-
sured in the TZD group (Group 2) (0.43£0.16 ng/mL), but it
was not significantly different from the other groups. In all
groups, CTx was maintained below 1.008 ng/mL, the reference
range for postmenopausal women, and PINP was also main-
tained between 20.25 and 76.31 ng/mL, the reference range for
postmenopausal women without postmenopausal hormone re-
placement therapy.

Metabolic parameters

During the study period, weight gain in the TZD group and
weight loss in the SGLT2i group were seen; however, the
change was not significant, and the final weight was not statisti-
cally different between the four groups. No significant changes
in HbAlc levels were observed during the study period. At 12
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months, HbA1c was 6.4%+0.5% for Group 1, 6.4%+0.8% for
Group 2, 6.4%=£0.6% for Group 3, and 6.7%+0.8% for Group
4. Neither differences between groups nor differences within
groups were significant.

Adverse events and safety

In the TZD group (Group 2), three (6.4%) patients reported pe-
ripheral edema, but none stopped taking medication for this rea-
son. In the SGLT2i group (Group 4), urinary tract infection was
reported in two patients (4.2%), and genital infection was re-
ported in one patient (2.1%). No symptomatic hypoglycemia
was reported in any of the four groups during the study period.
No serious adverse events resulting in discontinuation of the
medication were reported in any group during the study period.

DISCUSSION

In this prospective study, significant reductions in femoral neck
and total hip BMD were confirmed in postmenopausal T2DM
patients treated with combination therapy with TZD. The femo-
ral neck was the site with the largest decrease (—2.50%%3.08%)
compared to the baseline level, which was also significantly
higher than the levels in the other groups. Administration of
combination regimens containing empagliflozin, an SGLT2i,
did not cause significant bone loss.

TZDs are an antidiabetic medication that improves insulin
sensitivity, but their use is associated with reduced bone mass
[12,13] and increased risk for fracture [14]. However, lobegli-
tazone showed no detrimental effect on osteoblast differentia-
tion in vitro [15]. An important mechanistic explanation for the
effect of TZDs on bone is that TZDs induce adipogenesis and
inhibits regulators of bone differentiation [16]. A meta-analysis
of 22 randomized controlled trials concluded that pioglitazone
treatment is associated with an increased risk of fractures in
women (odds ratio of 1.73) [17]. Schwartz et al. [13] reported
that TZD treatment, namely, pioglitazone, may cause bone loss
in the whole body of older women with T2DM. Similar results
were found in a study of nondiabetic subjects. In a large ran-
domized controlled trial, pioglitazone was associated with a sig-
nificant reduction in the risk of stroke and myocardial infarction
in nondiabetic patients with cerebrovascular disease but was as-
sociated with an increased fracture risk [9]. Most previous stud-
ies have compared pioglitazone with placebo or with a single
comparative agent. However, in an actual clinical environment,
not only pioglitazone monotherapy but also combination thera-
py containing pioglitazone are prescribed for T2DM treatment.

Copyright © 2021 Korean Endocrine Society
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In this study, the harmful effect of TZD monotherapy on bone
metabolism was also reproduced in the group treated with com-
bination therapy containing TZD. Despite the great advantages
of TZD for the treatment of T2DM, the benefits and harm of pi-
oglitazone treatment must be carefully considered in T2DM pa-
tients at a high risk of fracture.

SGLT2i block glucose reabsorption in the proximal kidney
tubule by blocking sodium-glucose cotransporters, resulting in a
lower serum glucose concentration [18]. Dapagliflozin, empa-
glifozin, and canagliflozin are agents belonging to this class and
have common characteristics of lowering blood glucose and
preventing cardiovascular disease but seem to have different ef-
fects on bone metabolism. In a recent randomized controlled tri-
al, canagliflozin was shown to be associated with a decrease in
total hip BMD (—1.2% of placebo-subtracted changes in cana-
gliflozin 300 mg) and an increase in CTx and osteocalcin over
104 weeks [19]. Blau et al. [20] suggested that canagliflozin has
adverse effects on bone because it induces an immediate in-
crease in serum phosphorous, causing downstream changes in
fibroblast growth factor-23, 1,25-dihydroxyvitamin D, and
PTH. However, studies on dapagliflozin and empagliflozin
(mostly dapagliflozin) have reported neutral effects on BMD,
BTM, and risk of fracture [5,21,22]. Although these agents be-
long to the same SGLT?2i class, the physiological mechanism
leading to different bone safety profiles has not yet been eluci-
dated. We found that total hip BMD decreased by 1.27%=*
1.72% during the 12-month study period in Group 4 treated
with empagliflozin, but this was not a significant decrease com-
pared to the baseline value. There have been few studies on the
effects of empagliflozin on bone metabolism, and our studies
have shown that empagliflozin does not cause significant bone
loss, as observed in the TZD group. Moreover, since the combi-
nation of empagliflozin and metformin accounted for most of
the prescriptions in Group 4, it realistically reflects the current
T2DM treatment in which metformin is administered as a first-
line agent. Currently, canagliflozin is not available in Korea. A
prospective comparative study of SGLT2i, including cana-
gliflozin, will help to elucidate the effect of SGLT2i on bone
metabolism more clearly.

In T2DM patients, BTM levels are altered. Based on the
pooled data in a meta-analysis including 22 studies, CTx and
osteocalcin were significantly lower in patients with diabetes
than in the nondiabetic population [23]. Farr et al. [24] reported
significantly lower serum CTx and serum PINP levels in 30
postmenopausal patients with T2DM durations > 10 years. Con-
sistent with previous reports [24-27], our analysis revealed that
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BTM levels were lowered in T2DM patients. However, in our
study, there was no nondiabetic control, but BTM levels were
maintained at lower than the reference value in postmenopausal
women. The mechanisms for reduced BTM, in particular, re-
duced bone formation in T2DM patients, are not well under-
stood. T2DM may deteriorate bone homeostasis by suppressing
osteoblast differentiation and accelerating osteoblast apoptosis,
which is expressed as a reduced formation marker [28]. Ad-
vanced glycation end-products (AGEs) and oxidative stress are
identified as possible causes of BTM changes. In T2DM pa-
tients with prolonged exposure to high glucose concentrations,
more AGE accumulates in bone tissue, which negatively affects
bone quality, resulting in fragile bones [28-30]. BTM changes
after administration of a single agent have been differently re-
ported. With TZD treatment, bone resorption markers increase
but formation markers decrease, while both resorption and for-
mation markers increase with SGLT2i [31]. Furthermore, DP-
P4i and sulfonylurea have a neutral effect on changes in bone
resorption markers [31], whereas metformin decreased serum
CTx/PINP levels in the ADOPT trial [32]. The effect of a com-
bination therapy on BTM is expected to show varied patterns,
but clear evidence is lacking. In our study, we intended to deter-
mine the change in BTM levels under various combination regi-
mens, and we found that BTM levels were not altered during
the 12-month study period in any of the four groups. However,
it is difficult to provide a clear basis for these results.

Our study has several limitations. First, the duration of diabe-
tes was shorter in Group 1 than in the other groups. Guidelines
recommend metformin as the first-line therapy in the treatment
of T2DM patients unless it is contraindicated [33,34], and
Group 1 includes patients undergoing metformin monotherapy,
resulting in a relatively short duration of disease. However, no
significant difference was observed between groups in regard to
the duration of diabetes. Second, there was no quantitative anal-
ysis of dietary calcium intake. However, elemental calcium (250
mg of calcium carbonate) and cholecalciferol (1,000 IU) were
administered to all subjects, and serum 25-hydroxyvitamin D
levels were maintained at =20 ng/mL during the study period,
with no difference among the four groups. Another drawback is
that the prescription of diabetic medication was heterogeneous.
Our study included participants with various prescriptions from
monotherapy to dual and triple combination, and it may be dif-
ficult to conclude that the result represents the specific effect of
a distinct medication. With metformin as the baseline treatment,
the dual combinations of sulfonylurea (Group 1), TZD (mainly
pioglitazone) (Group 2), gemigliptin (Group 3), and empa-
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gliflozin (Group 4) were the most prescribed patterns in each
group. Therefore, the results primarily represent the effect of the
dual combination with metformin. Lastly, it was difficult to
identify new fractures during the study period due to the short
study period and the limited number of study subjects.

This is the first study to compare the effects of combination
therapy on BMD and BTM based on previous findings on the
bone-related effects of antidiabetic agents. To regulate the vari-
ous pathophysiological mechanisms of diabetes, it is recom-
mended to administer a combination of antidiabetic agents from
the early stages of the disease [35]. As prevalence of combina-
tion therapy rather than a single drug prescription continues to
increase, careful attention is needed on how combination thera-
py affects BMD and BTM. In conclusion, patients on combina-
tion therapy with TZD exhibited noticeable cortical bone loss.
On the other hand, in patients treated with empagliflozin
(SGLT21i) combination, gemigliptin (DPP4i) combination, or
sulfonylurea combination, bone loss was not significant at any
measurement site during the 12-month follow-up period. Thus,
caution should be exercised during treatment with antidiabetic
medications or combinations that adversely affect bone in pa-
tients with a high risk of bone loss.
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