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Abstract
Summary In the present meta-analysis based on real-world data, the use of dipeptidyl peptidase-4 inhibitors (DPP-4i), glucagon-
like peptide-1 receptor agonists (GLP-1ra), or sodium-glucose cotransporter-2 inhibitors (SGLT2i) was not associated with the
risk of fracture.
Introduction Cumulative evidence from randomized control trials (RCTs) with limited fracture events showed that the use of
DPP-4i, GLP-1ra, or SGLT2i may not affect the risk of fracture. However, additional insights from large population-based studies
with routinely collected data on fracture events and an adequate amount of fracture events are necessary to draw firm conclusions.
To refine and complement the results fromRCTs, a systematic review and meta-analysis of observational studies were performed
to investigate the association between the use of DPP-4i, GLP-1ra, or SGLT2i and the risk of fracture in real-world settings.
Methods The PubMed and Web of Science databases were searched to identify relevant observational studies. A random-effect
model was used to estimate the summary relative risks (RRs).
Results The use of DPP-4i (RR 0.83, 95% CI [confidence interval] 0.60, 1.14; n = 11), GLP-1ra (RR 0.65, 95% CI 0.24, 1.74;
n = 4), or SGLT2i (RR 1.02, 95% CI 0.91, 1.16; n = 4) was not associated with the risk of fracture. In general, there was a
consistent lack of association between the use of DPP-4i or GLP-1ra and the risk of fracture across nearly all subgroups, except
for a significantly reduced risk of hip fracture with the use of GLP-1ra (RR 0.21, 95% CI 0.04, 0.98).
Conclusions Cumulative real-world evidence does not support an association between the use of DPP-4i, GLP-1ra, or SGLT2i
and the risk of fracture. Our findings, together with the cumulative evidence from RCTs, should reassure policy makers and
medical practitioners that the use of these medications is unlikely to increase the risk of fracture among type 2 diabetes mellitus
patients in general. Further studies need to investigate the long-term impact of these drugs on the fracture risk, particularly in
high-risk populations.

Keywords diabetesmellitus . DPP-4 inhibitors . GLP-1 receptor agonists . SGLT2 inhibitors . fracture

Introduction

The prevalence and incidence of diabetes mellitus (DM) con-
tinues to increase with the number of adults living with DM
increasing from 108 million in 1980 to 422 million in 2014
[1]. Given this consideration, DM can present a serious global
public health concern due to increased morbidity, mortality,
and health care burden among individuals with this condition
[2, 3].

It is commonly known that type 2 diabetes mellitus
(T2DM) can lead to serious complications, including cardio-
vascular disease, kidney disease, neuropathy, blindness, and
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lower extremity amputation [4]. Apart from these complica-
tions, T2DM has also been increasingly recognized to have a
detrimental effect on bone health [5]. Indeed, there is emerg-
ing epidemiological evidence that individuals with T2DM
may have a higher risk of fracture than those without T2DM
[6, 7]. Although the exact underlying biological mechanisms
for the skeletal effects of T2DM remain unclear, the increased
risk of fracture in T2DM patients is possibly explained by a
combination of an increased risk of falls, impaired bone qual-
ity, and direct or indirect treatment effects of certain glucose-
lowering medications [5, 8–10].

There is currently ongoing research evaluating the safety
and efficacy of newer classes of glucose-loweringmedications
such as dipeptidyl peptidase-4 inhibitors (DPP-4i), glucagon-
like peptide-1 receptor agonists (GLP-1ra), and sodium-
glucose cotransporter-2 inhibitors (SGLT2i). GLP-1ra are
postulated to stimulate bone formation by promoting osteo-
blast differentiation and inhibiting osteoclast activity [11, 12].
In this context, DPP-4i have been suggested to exert beneficial
effects on bone health by prolonging the half-life of plasma
GLP-1, leading to the enhanced activity of GLP-1 on bone
[11, 12]. Conversely, there is suggestion that SGLT2i could
adversely affect bone health by activating the fibroblast
growth factor 23, 1,25-dihydroxyvitamin D, and parathyroid
hormone axis [13]. The effects of DPP-4i [14–19], GLP-1ra
[20–22], or SGLT2i [23–27] use on the risk of fracture have
been reported by a number of meta-analyses of randomized
controlled trials (RCTs) and large multicenter RCTs (Table 1),
with most suggesting that the use of DPP-4i, GLP-1ra, or
SGLT2i may not affect the risk of fracture. However, firm
conclusions could not be drawn owing to several common
limitations shared by these studies, such as a small number
of fracture events, fracture not being the primary outcome of
interest, and the data on fracture events not being routinely
collected. Given these considerable concerns, additional in-
sights from large population-based studies with routine collec-
tion fracture data and adequate fracture events are necessary to
refine and complement the results from RCTs. We aimed to
investigate the association between the use of DPP-4i, GLP-
1ra, or SGLT2i and the risk of fracture in real-world settings
by conducting a systematic review and meta-analysis of ob-
servational studies.

Methods

The Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) checklist was used as the basis in preparing and
reporting the present systematic review and meta-analysis of
observational studies [28]. Two investigators (K.H. and X.D.)
independently performed the literature search, study selection,
data extraction, and quality assessment. Any discrepancies
between investigators were resolved by consensus.

Search strategy

We searched the PubMed and Web of Science databases to
identify relevant original studies that were published from the
database inception to February 2019. The relevant published
articles were identified using the following search terms:
(dipeptidyl peptidase-4 inhibitors or sitagliptin or vildagliptin
or saxagliptin or linagliptin or anagliptin or teneligliptin or
alogliptin or trelagliptin or gemigliptin or dutogliptin or
omarigliptin or exenatide or liraglutide or lixisenatide or
albiglutide or dulaglutide or glucagon-like peptide-1 receptor
agonists or incretin or sodium-glucose cotransporter-2 inhibi-
tors or canagliflozin or dapagliflozin or empagliflozin) and
fracture. No language restriction was imposed in our database
searches. The references cited in the relevant articles were also
screened to identify relevant articles that were not captured
through the database searches.

Study selection

The observational studies with either cohort or case-control
designs were eligible for inclusion in the present study if they
reported risk estimates (relative risks (RRs), hazard ratios
(HRs), or odds ratios (ORs)) with 95% confidence intervals
(CIs) for the association between the use of DPP-4i, GLP-1ra,
or SGLT2i and the risk of fracture.

Data extraction and quality assessment

A standard form was used to extract the following information
from the included studies: the first author’s last name, publication
year, country, age of the participants, study design, data source,
time period bywhich the datawere collected, exposure of interest
versus comparators, outcome investigated, fracture classification,
number of fracture events in patients exposed to medications,
number of overall patients exposed to medications, number of
fracture events in patients who were not exposed to medications,
number of overall patients whowere not exposed tomedications,
and adjustment for selected confounders. From each study, the
risk estimates with 95% CIs from the maximally adjusted model
were extracted. The quality of the included studies was assessed
using the Newcastle-Ottawa Scale (NOS) [29].

Statistical analysis

RRs were chosen as the common measurement of the associ-
ations. Therefore, the HRs and ORs reported in the included
studies were deemed equal to the RRs. A DerSimonian and
Laird random-effect model [30] was used to estimate the sum-
mary RRs for the association between the use of DPP-4i,
GLP-1ra, or SGLT2i and the risk fracture. If possible, sub-
group analyses were performed according to predefined
criteria. In addition, a sensitivity analysis that excluded one
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study in each run was performed to ensure the robustness of
the overall findings. The statistical heterogeneity across stud-
ies was assessed using Q and I2 statistics. For the Q statistic,
P < 0.1 was considered statistically significant; for the I2 sta-
tistic, the following cut-off points were used to define the
degree of heterogeneity: < 25% (low heterogeneity), 25–
50% (moderate heterogeneity), > 50–75% (high heterogene-
ity), and > 75% (severe heterogeneity) [31]. Publication bias
was evaluated using Begg’s rank correlation test and Egger’s
linear regression test [32]. If publication bias was evident, the
trim and fill method was performed to correct the bias [33].
All statistical analyses were performed using STATA software
version 11.0 (STATACorp., College Station, TX, USA). All P
values were two-sided, and the level of significance was set at
< 0.05.

Results

Literature review and study characteristics

A flow chart of the study selection process is shown in Fig. S1.
Initial database searches yielded a total of 358 entries (157
from PubMed and 201 from Web of Science). Ninety-nine
articles were available for full-text review following the re-
moval of duplicates and an abstract/title review. After full-text
review, 81 articles were further excluded for the following
reasons: RCTs investigating the effects of DPP-4i, GLP-1ra,
or SGLT2i on the risk of fracture (n = 70); RCTs investigating
the effects of DPP-4i, GLP-1ra, or SGLT2i on bone mineral
density (BMD) or bone markers (n = 10) [34–43]; observa-
tional study investigating the association between other dia-
betes medications and the risk of fracture (n = 1) [44]. Finally,
18 articles [45–62] were included in the present meta-analysis.
Of these, 14 were cohort studies [45, 47–55, 57, 60–62], and
four were case-control studies [46, 56, 58, 59]. The character-
istics of the included studies are presented in Table 2. The
included studies were mostly conducted in high-income
Western countries. All data regarding participant characteris-
tics, medications, and medical diagnoses were identified
through databases or registries. The 10th revision of the
International Classification of Diseases was used to classify
fracture in nearly all studies. All of the included studies were
considered good in quality (NOS ≥ 7). Age and sex were the
most frequently adjusted variables among the included
studies.

Meta-analyses

Twelve studies were included in the meta-analysis of DPP-4i
[45–56]. For GLP-1ra [51, 57–59] and SGLT2i [59–62], four
studies were included in each meta-analysis. The rates of frac-
ture in users were generally comparable to those in

comparators, with the exception of two studies [49, 51] that
reported higher rates of fractures in users than in comparators
(Table 2). Notably, both studies showed that DPP-4i [49, 51]
or GLP-1ra [51] use was associated with a lower risk of frac-
ture. Primary analyses revealed that the use of DPP-4i (RR
0.83, 95% CI 0.60, 1.14; Fig. 1), GLP-1ra (RR 0.65, 95% CI
0.24, 1.74; Fig. 1), or SGLT2i (RR 1.02, 95% CI 0.91, 1.16;
Fig. 1) was not associated with the risk of fracture. Severe
heterogeneity was observed in the analyses of DPP-4i (I2 =
98%, P < 0.01) and GLP-1ra (I2 = 99%, P < 0.01), whereas no
heterogeneity was observed in the analysis of SGLT2i (I2 =
0%, P = 0.62). The test for publication bias indicated no evi-
dence of publication bias (P Begg’s > 0.50, P Egger’s > 0.13).

In general, the lack of association between the use of DPP-
4i or GLP-1ra and the risk of fracture persisted across nearly
all subgroups (Table 3), except for a significantly reduced risk
of hip fracture with GLP-1ra use (RR 0.21, 95% CI 0.04,
0.98). However, the association between the use of GLP-1ra
and a significantly lower risk of hip fracture appeared to be
driven by a strong inverse association in a study by Starup-
Linde et al. [51], as the association became statistically non-
significant after the exclusion of this study (RR 0.43, 95% CI
0.15, 1.19). A sensitivity analysis that excluded one study in
each run revealed that the observed overall findings were not
dominated by a single study (data not shown).

Discussion

It has been postulated that DPP-4i and GLP-1ra may have
beneficial effects on bone health, whereas SGLT2i may have
adverse effects on bone health [11–13]. In the present meta-
analysis based on real-world data, the use of DPP-4i or GLP-
1ra was not associated with a reduced risk of fracture.
Likewise, there was no elevated risk of fracture associated
with SGLT2i use. The lack of association between fracture
risk with DPP-4i or GLP-1ra use remained consistent when
stratified by the sex, fracture site, and age of the participants.
In brief, the principal findings from the present meta-analysis
do not support an association between the use of DPP-4i,
GLP-1ra, or SGLT2i and the risk of fracture, which is in
agreement with the results from several meta-analyses of
RCTs (Table 1). The cumulative evidence from RCTs and
observational studies confirm that the use of DPP-4i, GLP-
1ra, and SGLT2i may have overall neutral effects on the risk
of fracture among homogenous groups of patients in the strict-
ly controlled environment of RCTs and among heterogeneous
groups of patients in the real-world settings of observational
studies. The continuous long-term use of DPP-4i was not as-
sociated with the risk of any fracture (> 4.0–8.5 years of use),
osteoporotic fracture (> 3.0–8.5 years of use), or hip fracture
(> 2.0–8.5 years of use) [50]. Furthermore, no cumulative
dose-dependent risk was observed with the use of DPP-4i or
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GLP-1ra [45, 46, 57, 58]. The lack of association between the
use of DPP-4i, GLP-1ra, or SGLT2i and the risk of fracture in
RCTs and observational studies was further strengthened by
the evidence that these glucose-lowering medications have a
minimal impact on BMD or bone metabolism markers in
humans (Table 4) [34–43]. Since the use of DPP-4i, GLP-
1ra, or SGLT2i did not significantly affect the risk of fracture,
these findings may have significant clinical implications be-
cause some commonly prescribed second- and third-line glu-
cose- lower ing medica t ions ( i . e . , su l fonylureas ,
thiazolidinediones, and insulin) have been directly or indirect-
ly linked with a higher risk of fracture [8, 9, 18, 19, 44, 48].
Therefore, DPP-4i, GLP-1ra, or SGLT2i could be considered
as an alternative to those medications.

Although the association between the use of DPP-4i or
GLP-1ra and the risk of fracture in real-world settings has
been previously reported in a meta-analysis of observational
studies [63], which also showed no association between both
medications and the risk of fracture (DPP-4i: RR 1.02, 95%CI

0.91, 1.13; GLP-1ra: RR 1.03, 95% CI 0.87, 1.22), the present
meta-analysis is superior to the prior meta-analysis in several
aspects. First, more studies were included in the present meta-
analysis, particularly in the analysis of DPP-4i, granting more
power to perform meaningful subgroup analyses by potential
effect modifiers, such as the fracture site and the sex of the
participants. Moreover, we also reported an association be-
tween SGLT2i use and fracture risk. Altogether, the present
meta-analysis is the first to report the association between the
risk of fracture and the use of DPP-4i, GLP-1ra, or SGLT2i in
the real world.

A clear tendency towards a lower risk of fracture with the
use of DPP-4i or GLP-1ra was observed, although the associ-
ation did not reach statistical significance. A nonsignificant
association between the use of DPP-4i or GLP-1ra and the
risk of fracture was observed in all but two studies [49, 51].
In T2DM patients treated in German primary care practices,
the use of DPP-4i was associated with a 33% and 57% re-
duced risk of developing any fractures and hip fractures,

Fig. 1 Forest plot for the association between the use of dipeptidyl peptidase-4 inhibitors, glucagon-like peptide-1 receptor agonists, or sodium-glucose
cotransporter-2 inhibitors and the risk of fracture in real-world settings
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respectively [49]. A Danish registry-based study by Starup-
Linde et al. [51] found that the current use of DPP-4i or GLP-
1ra was associated with a significantly lower risk of all frac-
tures, hip fractures, vertebral fractures, and forearm fractures.
Despite encouraging findings from both studies, there was
concern that the observed association between the use of
DPP-4i or GLP-1ra and a significantly lower fracture risk in
both studies could have been affected by immortal time bias
[64, 65]. Immortal time bias typically results in an artificial
overestimation of the outcome rate in the nonexposed group
and, at the same time, an underestimation of the outcome rate
in the group exposed to the medication, creating the miscon-
ception that the medication is highly safe and effective in
preventing the outcome of interest [66]. Notably, we did ob-
serve a significant inverse association between GLP-1ra use
and hip fracture risk that was largely driven by the strong
inverse association observed in the study by Starup-Linde
et al. [51], as the association became statistically nonsignifi-
cant after exclusion of this study.

The effects of GLP-1ra, but not DPP-4i, appeared to be
influenced by the specific type of medication used (Table 1).
The first meta-analysis of RCTs to report the association be-
tween the use of GLP-1ra and fracture risk according to the
type of GLP-1ra used showed that exenatide was associated
with a higher fracture risk, whereas liraglutide was associated
with a lower fracture risk [21]. Conversely, the latest meta-

analysis of the same topic found that exenatide was associated
with a reduced risk of fracture, whereas semaglutide,
liraglutide, lixisenatide, albiglutide, and dulaglutide were not
associated with a risk of fracture [20]. In a population-based
cohort study using the data from the Clinical Practice
Research Datalink database, exenatide and liraglutide did
not significantly affect the fracture risk [57]. Concordantly,
evidence from RCTs indicated that exenatide and liraglutide
did not significantly affect BMD (Table 4) [36–38].

Among the three cur rent ly ava i lab le SGLT2i
(canagliflozin, dapagliflozin, and empagliflozin) in the mar-
ket, canagliflozin is the only SGLT2i that has been linked with
an increased risk of fracture (Table 1). Combined data from
the CANagliflozin cardioVascular Assessment Study
(CANVAS) and the CANVAS-Renal (CANVAS-R) involving
a total of 10,142 patients with T2DM and a high cardiovascu-
lar risk showed that canagliflozin was associated with an in-
creased risk of all fractures. When the results from the two
trials were assessed separately, the positive association be-
tween canagliflozin and fracture risk was only evident in
CANVAS but not in CANVAS-R [26]. These contradictory
findings are perplexing because CANVAS and CANVAS-R
have identical inclusion and exclusion criteria. A similar phe-
nomenon was also observed in the pooled analysis of nine
studies (CANVAS and eight non-CANVAS studies) showing
that canagliflozin was associated with a significantly

Table 3 Subgroup analyses of the association between dipeptidyl peptidase-4 inhibitors or glucagon-like peptide-1 receptor agonists use and the risk of
fracture

DPP-4i GLP-1ra

Studies (n) RR (95% CI) I2 (%) P heterogeneity Studies (n) RR (95% CI) I2 (%) P heterogeneity

Overall 11 0.83 (0.60, 1.14) 98 < 0.01 4 0.65 (0.24, 1.74) 99 < 0.01

Design

Cohort 9 0.78 (0.54, 1.14) 98 < 0.01 2 0.43 (0.09, 2.18) 99 < 0.01

Case-control 2 0.99 (0.82, 1.20) 0 0.49 2 0.98 (0.71, 1.34) 50 0.16

Mean age

≥ 60 6a 0.75 (0.43, 1.32) 99 < 0.01 3 0.54 (0.17, 1.74) 99 < 0.01

< 60 4a 0.92 (0.82, 1.02) 1 0.55 1 1.16 (0.83, 1.63) NA NA

Sex

Men 6 0.77 (0.49, 1.21) 96 < 0.01 3 0.58 (0.17, 1.91) 98 < 0.01

Women 7 0.76 (0.47, 1.25) 97 < 0.01 3 0.61 (0.17, 2.24) 98 < 0.01

Fracture site

Vertebral 5 0.79 (0.41, 1.53) 85 < 0.01 3 0.82 (0.17, 3.92) 84 < 0.01

Hip 7 0.65 (0.38, 1.09) 93 < 0.01 3 0.21 (0.04, 0.98) 79 < 0.01

Upper extremity 5 0.78 (0.40, 1.55) 94 < 0.01 4 0.55 (0.24, 1.29) 92 < 0.01

Lower extremity (including hip) 6 0.69 (0.41, 1.16) 94 < 0.01 4 0.31 (0.07, 1.44) 92 < 0.01

Major osteoporotic site 4 0.71 (0.33, 1.51) 99 < 0.01 3 0.46 (0,11, 1.93) 98 < 0.01

CI confidence interval, DPP-4i dipeptidyl peptidase-4 inhibitors,GLP-1ra glucagon-like peptide-1 receptor agonists, RR relative risk, NA not available
a The study by Choi et al. was not included because mean age of the participant was not reported. Bold numbers indicate a statistically significant
association (P < 0.05)
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increased risk of fracture among the participants of CANVAS
but not among the participants of the non-CANVAS studies
[27]. One possible explanation for the elevated fracture risk in
CANVAS might be due to a higher proportion of Asian pa-
tients in CANVAS (18%) than in CANVAS-R (8%) or in the
eight non-CANVAS studies (16%). It has been shown that the
risk of fracture is two-fold higher in diabetes patients of Asian
origin than in those of non-Asian origin, although it did not
reach statistical significance (Table 1: Tang et al. [25]). A
double-blind, placebo-controlled trial of patients aged 55–
80 years (mean age was 63.6 years) with inadequately con-
trolled T2DM showed that canagliflozin was indeed associat-
ed with a small reduction in the total BMD at the hip but not at
other skeletal sites. However, the authors noted that the re-
duced BMD with canagliflozin treatment was unlikely due
to its direct effect on bone via the inhibition of SGLT2 but
rather due to an increased bone turnover as a consequence of
weight loss among the participants (Table 4) [42].
Furthermore, several meta-analyses of RCTs showed that
canagliflozin was not significantly associated with the risk
of fracture [23–25]. Concordantly, a recent large population-
based cohort study involving 79,964 T2DM patients who
were newly prescribed canagliflozin users and 79,964
T2DM patients who were newly prescribed GLP-1ra users
indicated that canagliflozin was not associated with an in-
creased risk of fracture compared with GLP-1ra [62].
Considering that the controversial findings from CANVAS
have not yet been replicated by other studies, the pooled re-
sults from the present meta-analysis add further evidence that
SGLT2i use may not increase the risk of fracture. Altogether,
the evidence from existing literature suggests that
canagliflozin has minimal, if any, impact on the risk of fracture
among T2DM patients in general. Further studies should in-
vestigate whether canagliflozin is associated with an increased
risk of fracture among T2DM patients who have a high frac-
ture risk (i.e., patients with old age, a low BMD, a history of
fracture or osteoporosis, and those who are frail).

The present study was subject to several limitations that
should be considered accordingly. First, considering the nature
of observational studies, the findings from the present meta-
analysis could have been affected by immortal time bias, lag time
bias, or residual and unmeasured confounders. Notably, nearly all
of the included studies lacked information on potentially impor-
tant covariates, such as the severity and duration of DM, date of
first use, type of DPP-4i, GLP-1ra, or SGLT2i used, dose regi-
men prescribed, history of falls, frailty, osteoporosis, and fracture,
modifiable lifestyle factors (e.g., smoking, alcohol, body mass
index), and biochemical parameters or markers (e.g., BMD, bone
turnover markers, bone formation markers, bone resorption
markers). Second, it was not feasible for us to perform more
meaningful subgroup analyses to identify the potential effect
modifiers and the potential source of heterogeneity owing to
the limited number of the included studies, particularly in the

analyses of GLP-1ra and SGLT2i. For example, we were unable
to investigate the association between DPP-4i, GLP-1ra,
or SGLT2i and the risk of fracture according to several
potential effect modifiers, such as the type of medica-
tions used, mode of therapy (combination or monothera-
py), or comparators. Third, the present meta-analysis was
based only on a comparison between exposed and unex-
posed medications rather than more informative objective
measures (e.g., adherence to the medications, cumulative
dose exposure, average daily dose, and continuous dura-
tion of use). Given that the majority of the studies uti-
lized prescription data as a proxy for the exposure to
medications, the results could have been biased towards
a null association due to primary or secondary non-ad-
herence. Fourth, fracture events were rarely confirmed by
radiographic imaging. Therefore, the potential underesti-
mation or overestimation of the fracture incidence should
also be acknowledged. Fifth, a high degree of heteroge-
neity was observed across the studies investigating DPP-
4i and GLP-1ra, suggesting that the results of these anal-
yses should be interpreted with great caution. Finally,
most of the included studies used data from high-
income Western countries, which may limit the general-
ization of our findings to other populations.

Conclusions

In summary, cumulative real-world evidence does not
support an association between the use of DPP-4i,
GLP-1ra, or SGLT2i and the risk of fracture. Our find-
ings, together with the cumulative evidence from RCTs,
should reassure policy makers and medical practitioners
that the use of these medications is unlikely to increase
the risk of fracture among T2DM patients in general.
However, caution is still advised when prescribing
SGLT2i to T2DM patients who are at risk of fracture.
Further studies need to investigate the long-term impact
of these drugs on the fracture risk, particularly in high-
risk populations.
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