Journal of

%

Clinical Medicine

Review

Effect of Antidiabetic Drugs on Bone Health in Patients
with Normal Renal Function and in Chronic Kidney
Disease (CKD): Insight into Clinical Challenges in the
Treatment of Type 2 Diabetes

Cristiana Cipriani 1#([ Gabriella Lauriero 2, Giovanni Tripepi 3 Serge Ferrari 4 Jordi Bover

5,6 7

, Maura Ravera ’,

Simona Barbuto 807, Giuseppe Cianciolo 8, Luca De Nicola ?{, Maria Luisa Brandi 17, Salvatore Minisola 17,

Maria Cristina Mereu 11

check for
updates

Citation: Cipriani, C.; Lauriero, G.;
Tripepi, G.; Ferrari, S.; Bover, J.;
Ravera, M.; Barbuto, S.; Cianciolo, G.;
De Nicola, L.; Brandi, M.L.; et al.
Effect of Antidiabetic Drugs on Bone
Health in Patients with Normal Renal
Function and in Chronic Kidney
Disease (CKD): Insight into Clinical
Challenges in the Treatment of Type 2
Diabetes. J. Clin. Med. 2023, 12, 7260.
https:/ /doi.org/10.3390/jcm12237260

Academic Editor: Giacomo
Garibotto

Received: 14 September 2023
Revised: 29 October 2023
Accepted: 4 November 2023
Published: 23 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Giovanni Corrao 2(¥, Lucia Del Vecchio 13

and Maria Fusaro 14/15:*

Department of Clinical, Internal, Anesthesiological and Cardiovascular Sciences, Sapienza University of
Rome, 00161 Rome, Italy; salvatore.minisola@uniromal..it

2 Nephrology and Dialysis Unit, Ospedale “F. Perinei”, ASL of Bari, 70022 Bari, Italy;
gabriella.lauriero@asl.bari.it

National Research Council (CNR), Institute of Clinical Physiology, Section of Biostatistics,

89124 Reggio Calabria, Italy; giovanniluigi.tripepi@cnr.it

Department of Medicine, Service of Bone Diseases, Geneva University Hospital and Faculty of Medicine,
1205 Geneva, Switzerland; serge.ferrari@unige.ch

Department of Nephrology, University Hospital Germans Trias i Pujol, 08916 Badalona, Spain;
jordicatalonio@yahoo.es

6 REMAR-IGTP Group, Research Institute Germans Trias i Pujol, Can Ruti Campus, 08916 Badalona, Spain
Nephrology, Dialysis, and Transplantation, University of Genoa and Policlinico San Martino, 16132 Genoa,
Italy; maura.ravera@hsanmartino.it

Nephrology, Dialysis and Renal Transplant Unit, IRCCS, Azienda Ospedaliero-Universitaria di Bologna,
Alma Mater Studiorum University of Bologna, 40126 Bologna, Italy; simona.barbuto@studio.unibo.it (S.B.);
giuseppe.cianciolo@aosp.bo.it (G.C.)

Division of Nephrology, University of Campania “Luigi Vanvitelli”, 80137 Naples, Italy;
luca.denicola@unicampania.it

10 Fondazione Italiana Ricerca sulle Malattie dell’Osso (FIRMO Onlus), 50129 Florence, Italy;
marialuisa.brandi@unifi.it

Independent Researcher, 09100 Cagliari, Italy; crissmer5412@gmail.com

Unit of Biostatistics, Epidemiology and Public Health, Department of Statistics and Quantitative Methods,
University of Milano-Bicocca, 20126 Milan, Italy; giovanni.corrao@unimib.it

Department of Nephrology and Dialysis, Sant” Anna Hospital, ASST Lariana, 22042 Como, Italy;
lucia.delvecchio@asst-lariana.it

14 National Research Council (CNR), Institute of Clinical Physiology, 56124 Pisa, Italy

15 Department of Medicine, University of Padua, 35128 Padua, Italy

*  Correspondence: cristiana.cipriani@gmail.com (C.C.); dante luciall@gmail.com (M.E)

11
12

13

Abstract: Among the metabolic changes occurring during the course of type 2 diabetes (T2DM) and
diabetic kidney disease (DKD), impaired bone health with consequent increased fracture risk is one of
the most complex and multifactorial complications. In subjects with diabetic kidney disease, skeletal
abnormalities may develop as a consequence of both conditions. In the attempt to define a holistic
approach to diabetes, potential effects of various classes of antidiabetic drugs on the skeleton should
be considered in the setting of normal kidney function and in DKD. We reviewed the main evidence
on these specific topics. Experimental studies reported potential beneficial and harmful effects on
bone by different antidiabetics, with few data available in DKD. Clinical studies specifically designed
to evaluate skeletal effects of antidiabetics have not been performed; notwithstanding, data gleaned
from randomized controlled trials and intervention studies did not completely confirm observations
made by basic research. In the aggregate, evidence from meta-analyses of these studies suggests
potential positive effects on fracture risk by metformin and glucagon-like peptide-1 receptor agonists,
neutral effects by dipeptidyl peptidase-4 inhibitors, sodium—glucose cotransporter-2 inhibitors, and
sulfonylureas, and negative effects by insulin and thiazolidinediones. As no clinical recommendations
on the management of antidiabetic drugs currently include fracture risk assessment among the main
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goal of therapy, we propose an integrated approach with the aim of defining a patient-centered
management of diabetes in chronic kidney disease (CKD) and non-CKD patients. Future clinical
evidence on the skeletal effects of antidiabetics will help in optimizing the approach to a personalized
and more effective therapy of diabetes.

Keywords: type 2 diabetes; antidiabetics; chronic kidney disease; bone; fracture; diabetic kidney disease

1. Introduction

The complex interaction between bone and glucose metabolism involves several or-
gans (adipose tissue, bone, muscle, bone marrow adipose tissue, gastrointestinal (GI) tract,
vessels, and kidneys), molecules (advanced glycation end-products, insulin, osteocalcin,
sclerostin, bone morphogenetic proteins (BMPs), etc.), and signaling pathways (Wnt signal-
ing, receptor activator of nuclear factor-kappa B ligand (RANKL), osteoprotegerin (OPG),
etc.). Taken together, all these mechanisms are responsible for a mutual and dynamic inter-
play between the two systems, whose clinical implications range from increased fracture
risk in patients with diabetes to the significant skeletal effect of antidiabetic drugs, as well
as potential action of bone-active agents on glucose metabolism. Hence, the system is even
more complicated in patients with diabetes and chronic kidney disease (CKD).

Treatment of diabetes has extensively changed in the last two decades. The most
recent national and international guidelines advocate for a personalized management of
patients in which, alongside the central role of glucose control, treatment of comorbidities
has utmost importance [1]. In particular, cardiovascular and renal disorders may be
successfully targeted by specific treatments [1]. With reference to skeletal fragility, the most
recent guidelines include detailed recommendations on how to screen patients by the use
of tools available in clinical practice with specific indications for diabetes [2]. In terms of
treatment, studies demonstrated that antiresorptives increase femoral bone mineral density
(BMD) and reduce fracture risk to a similar extent in subjects with type 2 diabetes (T2DM)
compared to the non-diabetic patients [3]. Post hoc analyses on the use of bone-forming
agents, teriparatide and abaloparatide, reported significant antifracture efficacy in diabetic
patients [4,5]. Similar analyses were not specifically performed in CKD patients with T2DM
and increased fracture risk. Additionally, there have been reports of potential positive and
detrimental effects of antidiabetic medications on bone metabolism [6,7]. Notwithstanding,
no recommendations are currently available on how to manage antidiabetic therapy with
the aim of targeting fracture risk reduction in both T2DM patients with and without CKD.
We narratively reviewed the most updated literature on the skeletal effects of antidiabetic
drugs in these two populations with the aim of addressing these issues and outlined
potential relevant clinical applications of the findings.

2. Search Strategy

7

We searched the terms “diabetes”, “type 2 diabetes”, “antidiabetics”, “bone”, “frac-
ture”, “bone mineral density”, “bone quality”, “chronic kidney disease”, and “diabetic
kidney disease” on PubMed and retrieved peer-reviewed articles published from 2013
to 2023. We retrieved personal files and references to identify relevant articles published
before 2013. We reviewed the articles and cited the most relevant ones published in En-
glish. As far as clinical studies are concerned, we prioritized randomized controlled trials,
systematic reviews, and meta-analyses. Finally, we retrieved epidemiological data from
the International Diabetes federation, World Health Organization, and United States Renal

Data System websites.
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3. Epidemiology and Pathophysiology of Type 2 Diabetes and Diabetic
Kidney Disease

Diabetes mellitus is one of the fastest growing global health emergencies. Currently,
537 million adults aged 20-79 are living with diabetes worldwide; this number will likely
increase to 643 million by 2030 and 783 million by 2045 [8]. According to the International
Diabetes Federation (IDF), diabetes caused 6.7 million deaths and was responsible of at
least USD 966 billion of health expenditure in 2021 [8].

Chronic kidney disease is a common complication in subjects with diabetes [9]. In the
United States, CKD is diagnosed in more than 25% of diabetic patients; clinical evidence
estimated that roughly 39% of subjects with diabetes develop CKD during their lifetime [10].
Studies have shown that the prevalence of diabetes increased from 2003-2006 to 2015-2018
to a figure of 9.7% among individuals without CKD and 32.8% in those with CKD [11].

Chronic kidney disease is defined as an elevated urine albumin excretion (albumin-to-
creatinine ratio > 30 mg/g) or reduced glomerular filtration rate (GFR < 60 mL/min/1.73 m?),
or both [12,13]. The clinical, social, and economic impact of diabetic kidney disease (DKD)
should be considered not only in light of the risk of progression to end-stage kidney disease
but also in terms of increased cardiovascular risk [14].

In terms of pathophysiology, it is well known that risk factors for T2DM include a
combination of non-modifiable (ethnicity, family history/genetic predisposition) and modi-
fiable risk factors (obesity, low physical activity, and an unhealthy diet) [15]. Most patients
with T2DM are obese or have increased body fat, with a predominant distribution in the
abdominal region; the adipose tissue contributes to insulin resistance through a number
of inflammatory processes, such as an increased release of free fatty acid and adipokine
deregulation [15]. The resulting chronic inflammatory state represents the hallmark in the
pathogenesis of T2DM [15]. Insulin resistance contributes to increased glucose production
in the liver and decreased glucose uptake in the muscle, liver, and adipose tissue [15].
The combination of insulin resistance and an inadequate compensatory insulin response
may progressively lead to 3-cell dysfunction and relative insulin deficiency [15]. Insulin
secretion is decreased, and the maintenance of adequate glucose levels is further impaired
with a consequent worsening of complications [15]. Heterogeneity of the pathophysiology
of T2DM implies perturbation of other signaling pathways in several systems and target
tissues. Among them, the immune system may be involved in the development of autoim-
mune diabetes; aging and cell senescence in 3 cells might play a role in the pathogenesis of
age-related diabetes [16].

With reference to DKD, there are three determinant processes typically described.
Glomerular hypertrophy leading to hyperfiltration is present in roughly 40% of patients
with type 2 diabetes as an early manifestation of DKD [13,17]. Glomerular and tubu-
lointerstitial inflammation is another key mechanism associated with the activation of
different chemokines, cytokines, and profibrotic factors [13]. Finally, there is dysregulation
in cellular apoptosis and changes in the extracellular matrix [13]. Taken together, all these
mechanisms lead to the thickening of the glomerular basal membrane, podocyte depletion,
mesangial matrix expansion, and tubular damage, with consequent vascular remodeling,
endothelial dysfunction, glomerulosclerosis, and tubulointerstitial fibrosis [13,18,19]. As a
consequence, microalbuminuria (30-300 mg of albumin excreted per day) and, in the latest
stages, macroalbuminuria, develop (>300 mg of albumin per day or even nephrotic range
proteinuria: albuminuria > 2.200 mg/day) [12,20].

4. Bone Health in Type 2 Diabetes and CKD

In T2DM, the increased fracture risk is seen in the setting of normal-high normal BMD.
Conversely, bone quality is impaired at the cortical sites [21]. Trabecular microarchitecture,
as assessed by trabecular bone score (TBS), is significantly reduced in T2DM compared to
the reference population, and associated with elevated fracture risk [21]. The use of TBS is
recommended, when available, in the fracture risk assessment of T2DM subjects with the
aim of better delineating the risk profile in the setting of normal BMD [21]. A recent meta-
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analysis of 12 studies assessing bone quality using high-resolution peripheral quantitative
computed tomography (HR-pQCT) in a total of 516 patients with T2DM showed that
trabecular BMD and cortical thickness are higher at the tibia and radius while cortical
porosity is higher at the radius in T2DM subjects compared to controls [22]. No significant
reduction in failure load as a measure of bone strength by fine element analysis at the radius
and tibia was detected by the meta-analysis [22]. The elevation in cortical micro-pores is
significantly associated with poor glycemic control and higher fracture risk [23]. Other
factors contributing to impaired bone strength in T2DM are the accumulation of advanced
glycation end products (AGEs), particularly pentosidine, insulin resistance, inflammatory
cytokines, oxidative stress, and microvascular damage [23]. Emerging evidence suggests
that serum AGEs concentration is inversely associated with indexes of cortical bone quality;
additionally, AGEs content in the cortical, but not in the trabecular bone, is increased in
T2DM [24,25]. A higher concentration of AGEs was observed in the collagen matrix of
trabecular specimens collected during hip arthroplasty in T2DM subjects and associated
with impaired bone strength [26]. In terms of fracture risk, data from meta-analyses
showed an increased risk of incident vertebral and non-vertebral (hip, forearm) fractures
in T2DM [27]. Diabetic patients are exposed to diffuse vascular damage. In this context,
it has been suggested that decreased blood perfusion may contribute to the low bone
density observed in diabetic patients. Moreover, reduced perfusion is likely coupled with
impairment of the adequate response to the consequent hypoxia [28].

In patients with CKD, the pathophysiology of the skeleton is more complex, given
the concomitant diabetic bone disorder and chronic kidney disease-mineral and bone
disorder (CKD-MBD) [28,29]. The last is defined as a systemic disorder of bone and mineral
metabolism associated with CKD and involving biochemical abnormalities, altered bone
turnover, mineralization, volume, linear growth and strength, and vascular and soft tissue
calcification, with increased risk for fractures, cardiovascular events, and mortality [28].
Main factors playing a central role in CKD-MBD are associated with the interplay between
phosphate metabolism, parathyroid hormone (PTH), fibroblast growth factor 23 (FGF-23),
and vitamin D [28]. A low or high bone turnover state may develop, with consequent
perturbation of the bone quality [28]. In particular, a lower trabecular bone volume and
thickness have been described in low-turnover states and a reduced mineral-to-matrix ratio
and stiffness have been described in high-turnover states [30]. In terms of epidemiology, a
higher prevalence of low-turnover disease (i.e., adynamic bone disease) was observed in
the last decades in some cohorts, particularly among Caucasian subjects, and presumably
in relation with diabetes itself, aging, the use of bone-active drugs, and increased patients
survival [31].

Beyond the biochemical evaluation, clinical assessment of CKD-MBD includes the
measurement of three-site (lumbar spine, femur, and forearm) BMD by dual X-ray absorp-
tiometry (DXA), as recommended by the most recent guidelines, with a T-score < —2.5
being predictive of fracture risk in CKD stages 3-5D, as well as in the general popula-
tion [28,32].

The trabecular bone score is reduced in roughly half of patients with CKD stages G2-
G5D [33,34]. The assessment of bone quality by HR-pQCT showed that many trabecular
and cortical parameters may be altered in DKD [35]. Trabecular measures using HR-
pQCT (density, BV/TV, number, and thickness) directly correlate with those obtained
by bone biopsy and TBS, while radius cortical density using HR-pQCT correlates with
histomorphometric parameters of bone remodeling [33].

In patients with CKD-MBD, perturbation of bone metabolism is associated also with
osteomalacia, which may further increase fracture risk, as well as skeletal micro- and macro-
vascular damage [29,36]. Fracture rates of 1.6-3% were reported in trials involving patients
with DKD [29,37]. A recent post hoc analysis of the CREDENCE trial showed that the
traditional osteoporotic risk factors (age, female gender, fracture history) were significant
predictors of fracture in a population of 4397 patients with CKD [29]. Additionally, Asian
ethnicity, low serum albumin, glycated hemoglobin, and a history of cardiovascular disease
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were significantly associated with fracture in the CREDENCE population, while factors
related to CKD-MBD were not [29]. These data suggest that genetics, poor glycemic
control, inflammation, excessive calcium load, and macrovascular complications may
negatively affect bone health in DKD patients; the pathophysiology of skeletal damage and
consequences on bone quality needs to be further addressed and characterized by clinical
studies in this specific population.

Several studies have also connected diabetes, frailty, and malnutrition with an in-
creased risk for osteoporosis and bone fracture [38]. The nutritional status also affects
the capability of recovery following hip fracture [39]. The causality of this association
is partially explained by the concomitant skeletal muscle atrophy, but also by other risk
factors, including increased age, lower vitamin D levels, higher burden of comorbidities,
and physical inactivity.

5. Antidiabetics and Bone Health in Patients with Normal Renal Function and in CKD

In addition to the disease itself, antidiabetic therapy may significantly impact bone
metabolism. Different effects on bone health are exerted by various classes of antidiabetic
drugs, as illustrated by experimental and clinical data (Table 1). The lack of agreement
between studies in some cases, and the paucity of data from intervention studies specifically
designed to address the issue, prevent the possibility of driving definite conclusions of the
effects of antidiabetics on bone health. Notwithstanding, available evidence allows us to
make reliable statements on the potential positive effects on bone mediated by metformin
and glucagon-like peptide-1 receptor agonists (GLP-1RAs), neutral effects by dipeptidyl
peptidase-4 inhibitors (DPP-4-i), sodium—glucose cotransporter-2 inhibitors (SGLT2i), and
sulfonylureas (SUs), and negative effects by insulin and thiazolidinediones (TZDs) (Table 1).
Recently, a large metanalysis on the risk of hip fracture with anti-diabetic drugs (metformin,
SU, and insulin) has been published [40]. While metformin use was associated with a lower
risk of hip fracture, the opposite was the case for insulin and SU.

5.1. Experimental Studies

There are several experimental data on the effect of any antidiabetic class on bone in
models with normal renal function; a fewer number of studies focused on CKD models.
Table 1 summarizes the main evidence.

The action of metformin is mostly directed to stimulate bone formation processes
through the expression of runt-related transcription factor 2 (RUNX-2), BMP-2, osteocalcin,
and OSTERIX [41]. It favors the expression of OPG, thus inhibiting osteoclast differentiation
mediated by the RANKL as well [41]. Additionally, metformin protects mesenchymal stem
cell (MSC) damage and promotes their differentiation to the osteoblastic vs. the adipogenic
lineage [41,42]. In a mouse model of obesity, histomorphometric and microcomputed
tomography data demonstrated that metformin partially reverses the skeletal abnormalities,
particularly reducing cortical bone resorption and bone marrow adipose tissue [42]. The
more recent study by Duan et al. confirms the potential of metformin in promoting
osteoblastogenesis while inhibiting the adipogenesis of MSC in a mouse model of T2DM;
notwithstanding, the authors observed an increase in marrow adipose tissue in association
with metformin administration, as well as in vitro induction of MSC apoptosis in conditions
of high metformin concentration [43]. The hypothesis was made that a negative effect
would result from a high dose of metformin on the bone marrow MSC and adipose tissue,
as resembled in patients with intensive glucose control, in which there would be no benefit
of metformin on bone health [40]. As such, the loss of the positive effect of metformin on
bone with intensive control may also be related to hypoglycemic episodes and falls [12].

In rat models of CKD, metformin demonstrated to ameliorate renal function through
its anti-inflammatory and antifibrotic effects mediated by the suppression of the expression
of cytokines such as tumor necrosis factor (TNF)-o«c and 3, interleukin (IL)-1§3, activation
of the adenosine monophosphate-activated protein kinase (AMPK), and decreased phos-
phorylation of extracellular-signal-regulated kinase 1/2 (ERK1/2) [44,45]. In models of
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CKD-MBD, metformin prevented an increase in serum creatinine, phosphate, PTH, and
FGF23, and a decline in serum calcium in rats, with a consequent lower rate of high bone
turnover disease and vascular calcification [45].

GLP-1RA may exert multiple effects on the skeleton [46]. In murine pre-osteoblasts,
liraglutide activates osteoblastogenesis through the stimulation of the Wnt/ 3-catenin
signaling via the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT), ERK1/2, and
cAMP/protein kinase A (PKA) pathways [47]. As a consequence, GLP-1RA stimulates
MSCs toward their differentiation to osteoblasts while reducing adipogenesis [48]. In rat
models of T2DM, GLP-1RA treatment is associated with increases in the OPG/RANKL
ratio, serum osteocalcin, and femoral BMD, stimulation of RUNX2 activity, and decreased
expression of mRNA and serum levels of SOST/sclerostin [48]. Finally, amelioration of
blood flow to bone was described in association with the exenatide treatment of diabetic
mice as a possible mechanism of increased bone formation [46].

In animal models of DKD, GLP-1RA demonstrated nephroprotective effects through
their diuretic, antioxidant, anti-inflammatory, and natriuretic actions [49]. Additionally, the
administration of GLP-1RA was associated with reduction in glomerular sclerosis via the
activation of AMPK and endothelial nitric oxide synthase (eNOS) with consequent decrease
in urinary albumin; activation of autophagy through suppression of the mammalian
target of rapamycin (nTOR) was described as well [49]. These actions of GLP-1RA were
demonstrated in models of established and early CKD as effective in improving tubular-
interstitial changes associated with diabetes [49].

Pre-clinical studies on the effects of DPP-4i on bone showed no consistent results [43].
Hypotheses on the possible actions of DPP-4i include indirect actions through the ameliora-
tion of serum glucose, enhancement of serum vitamin D levels, reduction in adipose tissue
inflammation, and effects on energy metabolism, as well as differences in the effects of
different molecules of this class [46,50,51]. In an ovariectomized mouse model of estrogen-
deficient osteoporosis, Wang et al. demonstrated that sitagliptin reduces osteoclastic bone
resorption by the inhibition of the downstream mechanisms of RANKL action [51]. Con-
versely, vildagliptin was associated with no significant effect on bone remodeling, while
animal studies with saxagliptin reported a negative action of the molecule on RUNX2,
osteocalcin, and collagen expression, as well as on mineralization [50]. Finally, DPP-4i
modulate many interleukin and cytokine pathways, as well as T- and B-cell actions and
macrophage actions involved in bone remodeling with different (negative in some cases,
positive in others) effects on the skeleton [52].

Animal studies reported the expression of DPP-4 on proximal tubules, podocytes,
and vascular smooth and mesangial cells [53]. The hypotheses of a direct and indirect
(mediated by the reduction in GLP-1 degradation) stimulation of diuresis and natriuresis
of DPP-4i at this level was made through the inhibition of the Na* /H+ exchanger isoform
3 (NHEB3) [53]. Other mechanisms of DPP-4i action on the kidneys include their effect on
the atrial and brain-derived natriuretic peptide (ANP and BNP), neuropeptide Y (NPY),
peptide YY (PYY), stromal-cell-derived factor-1-«, oxidative stress, inflammation, and
apoptosis, as illustrated in rat models of type 1 diabetes, T2DM, and hypertension [53]. The
net results are a reduction in albuminuria and improvement in glomerulosclerosis, and
tubular-interstitial damage associated with DKD [53].

Several mechanisms of SGLT-2i action on bone metabolism have been hypothesized,
though not fully demonstrated [54]. Pre-clinical studies failed to show definite results;
however, differences between molecules of this class were observed [6]. The induction
of urinary glucose excretion and natriuresis with consequent relative hypovolemia may
increase fall and fracture risk; hypermagnesemia, possible mild hypercalciuria, and an
increase in phosphate reabsorption with secondary elevation in serum PTH levels may
eventually stimulate bone resorption [54]. Finally, high FGF23 levels in response to hyper-
phosphatemia may reduce the conversion of vitamin D in its active form [54]. Studies in
diabetic mice showed that canagliflozin administration may be associated with increases in
bone resorption markers and the perturbation of trabecular and cortical microarchitecture;
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partial improvement in microarchitecture parameters were observed when canagliflozin
was associated with insulin [55]. Preclinical studies with empagliflozin reported the poten-
tial of the drug to decrease the expression of RANKL and markers of inflammation while
enhancing BMP2 expression [55].

Nephroprotective effects of SGLT2i rely on different mechanisms of action. Hemo-
dynamic effects are exerted by a reduction in the intraglomerular pressure, as well as
improvement in renal congestion mediated by movement of water from the interstitium
to the urine [56,57]. Favorable effects of SGLT2i on the tubulointerstitial function were ob-
served in animal models of kidney injury through a reduction in glucose concentration and
oxidative stress in the proximal tubule [57]. Weight loss, reduction in serum glucose and
insulin levels, and the natriuretic action of SGLT2i were linked in a rat model of obesity and
hypertension with the anti-hypertensive effects of these drugs [57]. Finally, a reduction in
acute kidney injury was observed in mouse and rat models in association with an increased
tubular expression of vascular endothelial growth factor, reduced energy expenditure in
the proximal tubule, and amelioration of tubular oxygenation [56,57].

Pre-clinical data on SU suggest the potential of glimepiride in stimulating bone forma-
tion. In ovariectomized rats, glimepiride could reverse bone resorption induced by estrogen
deficiency while stimulating bone formation; the same study reported that bone formation
may be stimulated to a lesser extent in non-ovariectomized rats [58]. Similar results were
observed by Ma et al. in rat osteoblasts cultured with different concentrations of glucose;
the activation of eNOS stimulated by glimepiride through the PI3K/AKT pathway may be
associated with the induction of osteoblast differentiation [59].

Similarly to glimepiride, in vitro and in vivo studies demonstrated the anabolic effects
of insulin on bone [60]. The administration of insulin in cultured osteoblasts showed to
promote their proliferation and production of alkaline phosphatase (ALK) and collagen
through a possible inactivation of cell apoptosis and mitogenic stimulation [61]. In animal
models of insulin deficiency, impairment in mineralization, mechanical properties, and
reduced cell proliferation and collagen synthesis were described; insulin administration
may reverse these bone characteristics [61].

Several experimental studies investigated the effects of TZD on bone health. In the
aggregate, they demonstrated that both pioglitazone and rosiglitazone increase bone re-
sorption and bone marrow adiposity while inhibiting bone formation [62,63]. Acting on the
peroxisome proliferator-activated receptor y (PPAR-y), TZD decreases MSC differentiation
toward osteoblasts and increases the adipocyte number; RANKL expression is increased,
as well, with the consequent stimulation of osteoclastogenesis [62,63].

5.2. Clinical Studies

There has been evidence of conflicting results between experimental and clinical
studies on the skeletal effects of some classes of antidiabetic drugs (Table 1).

Metformin demonstrated to have potential positive effects on BMD and bone proper-
ties. An 18-month randomized clinical trial (RCT) in a total of 407 patients treated with
the association of metformin and insulin compared to placebo and insulin demonstrated
that femoral neck BMD does not decline in the metformin group [64]. Similar results were
reported by other studies [65-67]. Interestingly, in a recent retrospective study in a total of
11,458 patients with T2DM aged 40 and older in a single center in China, metformin use
was associated with higher T-scores at the femur and lumbar spine regardless of age, BMI,
and GFR [66]. In terms of bone properties, treatment with metformin was associated with
a lower concentration of pentosidine in the cortical bone assessed by high-performance
liquid chromatography on bone biopsy specimens in 25 postmenopausal women with
T2DM [68]. There are no definitive results from systematic reviews and meta-analyses
on the possible anti-fracture efficacy of metformin. Hidayat et al. reported a significant
relative risk reduction in metformin users in a meta-analysis of 12 observational studies [69].
Similarly, an inverse relationship between metformin use and risk of fracture was described
in a systematic review and meta-analysis of six observational studies [70]. A more recent
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network meta-analysis of 161 studies in a total of 191,361 patients treated with different
classes of antidiabetics reported no influence of metformin on fracture risk [71].

Similarly to metformin, there is not an overall agreement between clinical studies in
reporting benefits on the bone health of GLP-1RA, as well as significant antifracture efficacy.
A recent systematic review on the effect of GLP-1RA on bone metabolism showed that
exenatide and liraglutide had no significant effect on BMD, thus implying that the drugs
may prevent BMD reduction associated with weight loss [48]. No significant changes in
bone turnover markers (BTMs) were reported in all but one study, which showed an increase
in the bone formation marker procollagen type I N-terminal propeptide (P1NP) [48]. As
far as fracture risk is concerned, the meta-analysis by Cheng et al. including 38 RCTs with
39,795 patients with T2DM explored the effect of liraglutide or lisixenatide vs. placebo
or other antidiabetic drugs [72]. The authors reported an overall significant reduction in
fracture risk in GLP-1RA-treated patients [72]. Similar results are described by the more
recent network meta-analysis by Tsai et al., where the use of GLP-1RA demonstrated higher
antifracture efficacy compared to placebo and other classes of drugs [71]. Similar data
are not available in patients with T2DM and CKD. Conversely, a meta-analysis of data in
8505 patients treated with GLP1-RA from four real-world studies reported no significant
impact of these antidiabetics on fracture risk [73].

Clinical studies in patients treated with DPP-4i showed both neutral and positive
effects on BMD and BMTs by this class of drug [74-76]. A retrospective analysis of
200 patients with T2DM reported a similar BMD increase after 12 months in the DPP-
4i and in the control group (treated with other classes of antidiabetics), and a trend toward
a higher TBS value in the DPP-4i group [76]. Several meta-analyses were performed to
explore the association between DPP-4i and fracture risk, including a vast number of RCTs
performed in thousands of patients with almost all molecules of this class and compared
with placebo or other antidiabetics [71,77-79]. They collectively demonstrated that there
is no significant association between DPP-4i use and fractures. A recent network meta-
analysis of 177 RCTs in a total of 165,081 participants with a median follow-up of 26 weeks
reported that DPP-4i do not increase fracture risk compared with placebo, insulin, met-
formin, SU, TZD, and alpha-glucosidase inhibitors [79]. The same conclusion was drawn
by Driessen et al., who performed a meta-analysis of four real-world studies including
22,961 DPP4-i users and compared it with other antidiabetic drugs [73].

In CKD, Cowan et al. recently reported data from a population-based study in a total
of 37,449 new DPP-4i users in Ontario, Canada aged 66 and older and followed up for
365 days [80]. In the subgroup analysis by estimated GFR category, the authors did not
observe any increase in fracture incidence in moderate-to-severe CKD [80].

In human studies, SGLT2i demonstrated to exert various effects on BTMs depending
on the molecule and the specific marker [54]. Indirect mechanisms of SGLT2i action on bone
turnover were postulated, including the weight loss associated with their administration,
but have not been fully clarified [54]. Administration of canagliflozin was associated
with increases in both resorption [type I collagen carboxyl-terminal peptide 3 (3-CTX)]
and formation (osteocalcin) markers, while no changes were seen in patients treated with
dapagliflozin and empagliflozin [55,81,82]. Akin results were reported as far as BMD is
concerned, canagliflozin being associated with BMD reduction, while other molecules were
not [55,81,82]. A 104-week, placebo-controlled, phase three clinical trial of canagliflozin vs.
placebo showed a 1.2% significant decrease in total hip BMD in the canagliflozin groups
that was higher compared to placebo (—0.9%) [81]. No changes in BMD were observed
at other skeletal sites, or in the bone quality parameters in association with canagliflozin
administration [81]. Interestingly, a reduction in body weight explained only a small portion
of the variability in serum 3-CTX in this trial [81]. In this context, a retrospective cohort
study in 34,960 adults with diabetes treated with SU or SGLT-2i in the UK concluded that
fracture risk is not increased in SGLT-2i users even after stratification for BMI decrease [83].

Results from systematic reviews and meta-analyses are not consistent and definitive in
delineating the fracture risk profile of SGLT-2i. Notwithstanding, a general conclusion of a
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substantial neutral effect on fracture risk of the SGLT-2i could be made. The negative effect
on fracture observed in the Canagliflozin Cardiovascular Assessment Study (CANVAS)
was not confirmed by other studies [71,84,85]. In a pooled analysis of CANVAS, Watts et al.
demonstrated that the incidence of fracture was significantly higher in the canagliflozin
(4%) group compared to the placebo (2.6%) group [84]. In particular, older age, higher
cardiovascular risk, and lower GFR were associated with higher fracture incidence in the
canagliflozin group, as well as a possible higher fall rate [84,86]. The analysis of the RCTs
with canagliflozin not including the CANVAS excluded any difference in fracture incidence
between canagliflozin- and non-canagliflozin-treated patients [81]. More recent network
meta-analyses substantially confirmed the absence of any association between SGLT-2i
administration and fracture risk [71,79].

In CKD, a number of studies demonstrated clinical benefits from the nephroprotective
effects described by experimental studies with SGLT-2i. In particular, SGLT2i reduced
the risk of dialysis, transplantation, acute kidney injury, and mortality associated with
renal disease [56]. In terms of fracture risk, there have been reports of increased risk in pa-
tients with moderate renal impairment treated with canagliflozin and dapagliflozin [84,87].
Notwithstanding these results, the study by Cowan et al. failed to find any increase in
fracture incidence in 38,994 new users of SGLT2i [80]. Additionally, a meta-analysis of
27 RCTs comparing SGLT2i to placebo in 20,895 participants with a mean follow up of
64 weeks showed that moderate-to-severe renal impairment is not a risk factor for fractures
in patients with T2DM treated with different molecules of this class [85].

In patients treated with SU, there have been some inconstant reports of significant
effects of these drugs on BTMs; a reduction in serum CTX after 12 months was described by
some authors, while others reported no significant changes [88,89]. Similarly, increases in
some bone formation markers (e.g., osteocalcin), and no changes in others (e.g., PINP) were
observed in different clinical studies [89,90]. No significant changes in BMD at all sites were
reported by clinical studies in SU-treated patients, as well as a substantial neutral effect on
fracture risk [71,89-91]. In this context, possible higher fracture risk in association with SU
use in older (>65 years) patients has been recently described, presumably in association
with higher risk of hypoglycemia [92].

The anabolic effects of insulin described by pre-clinical studies seem to somehow be
confirmed in clinical studies describing higher BMD in patients with T2DM and hyper-
insulinemia [61]. Additionally, there have been reports of higher BMD values in T2DM
patients on insulin compared to those on oral antidiabetics [93]. Conversely, there was no
description of BTMs changes during insulin therapy [94]. More notably, systematic reviews
and meta-analyses reported higher fracture risk in patients with T2DM treated with insulin,
possibly in association with higher risk of falls, as well as many other complications of
diabetes (visual impairment, neuropathy, etc.) [61,69,95].

Differently from what has been observed for other antidiabetics, there is a good correla-
tion between experimental and clinical data describing detrimental effects of TZD on bone.
Billington et al. performed a systematic review and meta-analysis of 20 RCTs involving
3743 participants treated with rosi- and pioglitazone for 3-24 months and evaluated their
effects on BMD and BTMs [96]. The authors reported modest BMD reduction at the lumbar
spine, total hip, and forearm during TZD administration; changes in BTMs were observed
in some but not all studies, with high heterogeneity and no significant association with
BMD loss [93]. Higher fracture risk is invariably described by meta-analyses in association
with TZD use when compared to placebo and any other antidiabetics [69,71]. The recent
analysis of the relative ranking probability of fracture made in the network meta-analysis by
Tsai et al. demonstrated that TZDs represent the class of drug with the highest probability
of causing fracture compared to placebo, metformin, GLP-1RA, DPP-4i, SGLT-2i, SU, and
insulin [71].
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Table 1. Summary of data from experimental and clinical studies and meta-analyses on the skeletal

effects of various classes of drugs employed in the treatment of type 2 diabetes.

Drug Class Experimental Studies Clinical Studies Meta-Analyses on Fracture Risk
-Stimulation of RUNX-2, BMP-2,
d?&iiﬁﬁ?égggﬁé%;?iga -Potential positive effects on BMD
Metformin osteoblasts . and bc?rlle prqpertlefi -Neutral (potential positive) effect
-CKD: prevents increase in Cr, P, -CKD: potential positive effects on
PTH, FGF23, vascular BMD
calcification, and decline in Ca
-Stimulation of Wnt/ 3-catenin -No effect on BTMs and BMD
signaling, RUNX-2, osteocalcin, (may prevent
OPG, differentiation of MSC weight-loss-associated BMD . .
GLP-IRA toward osteoblasts, increase in reduction) -Potential positive effect
femoral BMD and blood flow -CKD: renoprotective effects,
-CKD: renoprotective effects lower all-cause mortality
-Reduction in RANKL action
(sitagliptin), RUNX2, osteocalcin,
collagen, mineralization L
. oo -Neutral and positive effects on -Neutral effect
DDP-4i i;i’;i%;;lpﬁn)éy‘igg;‘zr;t ;ff:;tj BMTs and BMD; increase in TBS -CKD: neutral effect
B-cells
-CKD: renoprotective effects
-Increase in bone resorption -Increa§e in B-CTX anc.i
markers, perturbation of oste.ocalsm, N
microarchitecture (canagliflozin); (canaghﬂozm),hno effelcts (;n B.TMS 1 eff
SGLT-2i stimulation of RANKL and BMD (other molecules); no -Neutral effect
inflammation. BMP2 ’ effects on bone quality -CKD: neutral effect
(empagli ﬂc;z'm) -CKD: reduced risk of dialysis,
-CKD: renoprotective effects transplantatloq, AKI, and
mortality
-Stimulation of bone formation -Inconsistent data on effects on
SU (ghmeplrldlsl);Khl;cl);lI%? eNOS and BTMs, neutral effects on BMD -Neutral effect
-Promotes osteoblasts . .
Insulin proliferation, ALK and collagen -No effect on}i\l/"[l\é{s, fnerease -Negative effect
production
-Stimulation of RANKL, MSC -Possible negative effects on
TZD differentiation toward osteoblasts & -Negative effect

adipocytes through PPAR-y BIMs, decrease in BMD

RUNX-2, runt-related transcription factor 2; BMP-2, bone morphogenetic protein 2; OPG, osteoprotegerin;
MSC, mesenchymal stem cells; Cr, creatinine; P, phosphate; PTH, parathyroid hormone; Ca, calcium; GLP-
1RAs, glucagon-like peptide-1 receptor agonists; DDP-4i, dipeptidyl peptidase-4 inhibitors; SGLT-2i, sodium-—
glucose cotransporter-2 inhibitors; SUs, sulfonylureas; eNOS, endothelial nitric oxide synthase; PI3K/AKT,
phosphoinositide 3-kinase/protein kinase B; ALK, alkaline phosphatase; TZDs, thiazolidinediones; PPAR-y,
proliferator-activated receptor y; BMD, bone mineral density; BTMs, bone turnover markers; TBS, trabecular bone
score; B-CTX, type I collagen carboxyl-terminal peptide 3; AKI, acute kidney injury.

6. The Use of Antidiabetics in T2DM with and without CKD: From Standards of Care
to Strategies for Supporting Bone Health

As per the most recent ‘Standards of care in diabetes’, education promoting behavioral
interventions on weight control and physical activity, self-management, and support are the
first glucose-lowering strategies to be pursued in all diabetic subjects [1]. Pharmacological
intervention should be considered in a holistic and patient-centered clinical approach aimed
at targeting glucose control, management of body weight, and reducing the cardiorenal
risk, as well as risk for side effects [1]. With this aim, risk stratification for cardiovascular
disease, heart failure, and CKD is prompted in all patients, and combination therapy is
recommended in the early stages as needed [1]. From the perspective of a real and effective
integrated approach to diabetic patients, strategies aimed at best managing antidiabetic
therapy including, among the recommendations, the fracture risk profile, cannot be over-



J. Clin. Med. 2023, 12, 7260 110f18

looked. We therefore propose integrated approaches to the management of antidiabetic
therapy in T2DM patients with and without CKD (Figures 1 and 2).
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Figure 1. Proposed integrated approach to the management of antidiabetic therapy aimed at targeting
fracture risk in patients with T2DM; +, positive influence; GLP-1RAs, glucagon-like peptide-1 recep-
tor agonists; DDP-4i, dipeptidyl peptidase-4 inhibitors; SGLT-2i, sodium—-glucose cotransporter-2
inhibitors; SUs, sulfonylureas; TZDs, thiazolidinediones. Guidelines: “El Sayed et al., 2023” [1],
“Ferrari et al., 2018”, [2], “Cairoli et al., 2023” [97].
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Figure 2. Proposed integrated approach to the management of antidiabetic therapy aimed at targeting
fracture risk in patients with T2DM and CKD G4-G5D; +, positive influence; GLP-1RAs, glucagon-like
peptide-1 receptor agonists; DDP-4i, dipeptidyl peptidase-4 inhibitors; SGLT-2i, sodium-glucose
cotransporter-2 inhibitors; SUs, sulfonylureas; TZDs, thiazolidinediones. Guidelines: “de Boer et al.,
2023” [12], “Evenepoel et al., 2021” [98].
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Lifestyle interventions, self-management, and education need to be pursued in all
patients (Figure 1) with the aim of facilitating knowledge on the skeletal complications of
T2DM, assessing fracture risk (according to guidelines [2]) and promoting physical activity
to improve postural stability, reduce risk of fall, and ameliorate BMD and bone quality [95].
Pre-clinical and clinical studies demonstrated the beneficial effects of exercise training on
bone metabolism in rat models and in patients with T2DM [99,100]. In particular, increases
in bone turnover in association with improvement in glycemic control and decreased body
weight and fat mass were observed in diabetic patients, as well as the maintenance of BMD
regardless of lower body weight even in older adults [101]. The annual evaluation of falls
and interventions aimed at reducing risk of falls (exercise, management of medication also
avoiding hypoglycemic episodes, vision assessment, etc.) should be employed, particularly
in the elderly [100]. Assessment of fracture risk is desirable in all patients with T2DM,
as well as the evaluation of risk for cardiovascular and renal disease. Indeed, the close
relationship existing between cardiovascular and renal disease and skeletal fragility makes
interventions aimed at modifying cardiorenal risk beneficial for bone health as well [98].
Similarly, patients need to be encouraged to achieve and maintain glycemic control with
the aim of also reducing fracture risk. As is well known, there is a significant relationship
between glycemic status and skeletal fragility in diabetes, with any 1% HbA1lc increase
being associated with an 8% higher fracture risk [102]. Hence, the personalization of
antidiabetic therapy should be discussed with patients based on risk/benefits of fracture
risk assessment, as well as the drug-associated risk of hypoglycemia and falls. With this aim,
the use of TZD should be avoided (or discontinued if ongoing) if fracture risk is elevated.
Metformin should be considered as first choice, according to comorbidities, as potentially
effective in reducing fracture risk. Alternatively, or in combination with metformin, GLP-
1RA should be considered as a good choice in patients with skeletal fragility. Owing to
substantial neutral effects on bone, DPP-4i and SGLT-2i may be considered as a third line
in high-risk patients; given the lack of homogeneity among studies, differences among
various molecules of the class of the SGLT-2i should be made and canagliflozin should
be avoided. As far as SU and insulin are concerned, the risk of hypoglycemia should
be carefully monitored in patients treated with these drugs, particularly in the elderly,
in relation to a higher risk of falls and fractures [95]. As starting insulin is commonly
unavoidable, we suggest this drug to be employed as late as possible when fracture risk is
elevated. Finally, a bone-active agent should be started according to clinical indications
and recommendations [97].

As in non-CKD patients, lifestyle intervention targeting traditional risk factors (i.e.,
increasing the level of physical activity, smoking cessation, reducing alcohol intake and
risk of fall) is warranted in CKD patients G4-G5D (Figure 2) [12]. Before considering
specific treatments, it is mandatory to diagnose the specific disorder in the setting of CKD-
MBD, manage vitamin D deficiency, and avoid hypercalcemia, hyperphosphatemia, and
excessive calcium load if present and/or overtreatment with antiparathyroid agents [12]. A
routine evaluation of fracture risk by means of BMD measurement and the use of a specific
tool (i.e., FRAX®) has predictive value for incident fractures in the CKD population [98].
Circulating levels of calcium, phosphate, PTH, 25-hydroxy-vitamin D, and bone-specific
ALK can be used to evaluate CKD-MBD; markedly high or low levels may indeed reflect
the underlying bone turnover; bone biopsy could be performed when the diagnosis is not
clear [28]. Even though few data on the skeletal effects of antidiabetics in CKD G4-G5D
patients are available, suggestions on their management can be made on the basis of the
current evidence. Guidelines on the management of T2DM in CKD should be followed,
preferring the use of metformin and SGLT-2i other than canagliflozin as appropriate [12].
GLP-1RA and DDP-4i should be considered as second/third line therapy, as few data are
available on their effects on fracture risk in CKD. SU and TZD should be avoided in the
majority and in all patients, respectively, as no data on skeletal effects in CKD are available
for the first class and negative effects are described for the second class. Finally, the risk
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of hypoglycemia should be avoided, especially when therapy is implemented and insulin
therapy is started.

Pharmacologic strategies that inhibit bone resorption (mostly denosumab in CKD
G4-G5D, as it does not own any renal excretion) may be helpful in preventing bone loss
and fracture in patients with normal- to high-turnover bone disease, while anabolic agents
may be employed in patients with low turnover (i.e., adynamic bone disease).

7. Perspectives

Skeletal fragility in diabetic patients with or without CKD is a common finding that
physicians of different specialties need to face in routine clinical practice. In the last decade,
there have been essential changes in the management of T2DM toward the definition
of personalized therapy in terms of the achievement of effective glucose control and
preventing comorbidities. Although complex, the inclusion of a skeletal fragility profile
and implementation of strategies aimed at reducing fracture risk in managing antidiabetic
therapy is needed in the era of personalized and patient-centered therapy. Large-scale
RCTs including the skeletal effects of anti-diabetic medications as the primary endpoint
are definitely warranted in both CKD and non-CKD patients to define a practical and
evidence-based algorithm for the holistic approach to these patients.

Author Contributions: C.C. contributed to literature search, drafting, and revision of the article; G.L.
contributed to literature search and in drafting the article; G.T., S.E, J.B., M.R,, S.B., G.C. (Giuseppe
Cianciolo), L.D.N., M.L.B., S.M., M.C.M., G.C. (Giovanni Corrado) and L.D.V. contributed to article
revision; M.E. contributed to conceiving, drafting, and revision of the article. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Fusaro reports other financial or non-financial interest from Amgen, Abiogen,
and Vifor. Cipriani reports consulting fees and support for attending meetings and/or travel from
Abiogen and participation as member of an advisory board of IBSA. Del Vecchio received advisory
board from Astellas, GSK, and Travere and speaker fees at meetings indirectly supported by Astellas,
Amgen, Vifor, Bayer, and AstraZeneca. Cianciolo received payment for lectures/presentation from
Amgen, Vifor, AstraZeneca, and Boehringer. De Nicola received payment or honoraria for lectures,
presentations, speaker bureaus, manuscript writing, or educational events from AstraZeneca, Novo,
and Bayer, and consulting fees from AstraZeneca and Bayer. Ferrari received consulting fees from
Amgen, Myovant, UCB, Amolyt, Radius, and Agovos and payment for lectures/presentation from
Amgen, UCB, and Gedeon Richter. Mereu received payment for lectures/presentation from Amgen,
Vifor Pharma, and Abiogen. Minisola received payment or honoraria for lectures, presentations,
speakers bureaus, manuscript writing, or educational events from Abiogen, Bruno farmaceutici,
Diasorin, Geopharma, Sandoz, and UCB and consulting fees from Abiogen, Eli Lilly, Kyowa Kirin,
Novo Nordisk, and UCB. Dr Brandi has received honoraria from Amgen, Bruno Farmaceutici,
Calcilytix, Kyowa Kirin, and UCB, grants and/or speakers from Abiogen, Alexion, Amgen, Amolyt,
Amorphical, Bruno Farmaceutici, CoGeDi, Echolight, Eli Lilly, Enterabio, Gedeon Richter, Italfarmaco,
Kyowa Kirin, Menarini, Monte Rosa, SPA, Takada, Theramex, and UCB, and consultancy from
Aboca, Alexion, Amolyt, Bruno Farmaceutici, Calcilytix, Echolight, Kyowa Kirin, Personal Genomics,
and UCB. Tripepi reports other financial or non-financial interest from Amgen, Biotest, ABBVIE,
Janssen-Cilag, and Alexion. The remaining authors have no conflicts of interest to disclose.



J. Clin. Med. 2023, 12, 7260 14 0f 18

References

1.

\O

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

El Sayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, EM.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.;
Johnson, E.L.; et al. 9. Pharmacologic approaches to glycemic treatment: Standards of care in diabetes—2023. Diabetes Care 2023,
46, 5140-5157. [CrossRef] [PubMed]

Ferrari, S.L.; Abrahamsen, B.; Napoli, N.; Akesson, K.; Chandran, M.; Eastell, R.; El-Hajj Fuleihan, G.; Josse, R.; Kendler, D.L.;
Kraenzlin, M; et al. Diagnosis and management of bone fragility in diabetes: An emerging challenge. Osteoporos. Int. 2018, 29,
2585-2596. [CrossRef]

Eastell, R,; Vittinghoff, E.; Lui, L.; Ewing, S.K.; Schwartz, A.V.; Bauer, D.C.; Black, D.M.; Bouxsein, M.L. Diabetes mellitus and the
benefit of antiresorptive therapy on fracture risk. J. Bone Miner. Res. 2022, 37,2121-2131. [CrossRef] [PubMed]

Langdahl, B.L.; Silverman, S.; Fujiwara, S.; Saag, K.; Napoli, N.; Soen, S.; Enomoto, H.; Melby, T.E.; Disch, D.P,; Marin, F.; et al.
Real-world effectiveness of teriparatide on fracture reduction in patients with osteoporosis and comorbidities or risk factors for
fractures: Integrated analysis of 4 prospective observational studies. Bone 2018, 116, 58—-66. [CrossRef] [PubMed]

Dhaliwal, R.; Hans, D.; Hattersley, G.; Mitlak, B.; Fitzpatrick, L.A.; Wang, Y.; Schwartz, A.V.; Miller, PD.; Josse, R.G. Abaloparatide
in postmenopausal women with osteoporosis and type 2 diabetes: A post hoc analysis of the ACTIVE Study. JBMR Plus 2020,
4,e10346. [CrossRef] [PubMed]

Kheniser, K.G.; Polanco Santos, C.M.; Kashyap, S.R. The effects of diabetes therapy on bone: A clinical perspective. ]. Diabetes
Complicat. 2018, 32, 713-719. [CrossRef] [PubMed]

Cipriani, C.; Colangelo, L.; Santori, R.; Renella, M.; Mastrantonio, M.; Minisola, S.; Pepe, J. The interplay between bone and
glucose metabolism. Front. Endocrinol. 2020, 11, 122. [CrossRef]

International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021.
Diabetes. Available online: http:/ /www.who.int/news-room/fact-sheets/detail /diabetes (accessed on 3 October 2022).
Afkarian, M.; Zelnick, L.R.; Hall, Y.N.; Heagerty, PJ.; Tuttle, K.; Weiss, N.S.; De Boer, I.H. Clinical manifestations of kidney disease
among US adults with diabetes, 1988-2014. JAMA 2016, 316, 602—610. [CrossRef]

Annual Data Report. Available online: https://adr.usrds.org/ (accessed on 18 October 2022).

De Boer, I.H.; Khunti, K.; Sadusky, T.; Tuttle, K.R.; Neumiller, J.J.; Rhee, C.M.; Rosas, S.E.; Rossing, P.; Bakris, G. Diabetes
management in chronic kidney disease: A consensus report by the American Diabetes Association (ADA) and Kidney Disease:
Improving Global Outcomes (KDIGO). Kidney Int. 2022, 102, 974-989. [CrossRef]

Gembillo, G.; Ingrasciotta, Y.; Crisafulli, S.; Luxi, N.; Siligato, R.; Santoro, D.; Trifiro, G. Kidney disease in diabetic patients: From
Pathophysiology to Pharmacological Aspects with a Focus on Therapeutic Inertia. Int. J. Mol. Sci. 2021, 22, 4824. [CrossRef]
Pugliese, G.; Solini, A.; Bonora, E.; Fondelli, C.; Orsi, E.; Nicolucci, A.; Penno, G.; RIACE Study Group. Chronic kidney disease in
type 2 diabetes: Lessons from the Renal Insufficiency And Cardiovascular Events (RIACE) Italian Multicentre Stud. Nutr. Metab.
Cardiovac. Dis. 2014, 24, 815-822. [CrossRef] [PubMed]

Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. . Mol. Sci. 2020, 21, 6275. [CrossRef] [PubMed]

Demir, S.; Nawroth, P.P,; Herzig, S.; Ustiinel, B.E. Emerging Targets in Type 2 Diabetes and Diabetic Complications. Adv. Sci. 2021,
8,2100275. [CrossRef] [PubMed]

Premaratne, E.; Verma, S.; Ekinci, E.I; Theverkalam, G.; Jerums, G.; Maclsaac, R.J. The impact of hyperfiltration on the diabetic
kidney. Diabetes Metab. 2015, 41, 5-17. [CrossRef] [PubMed]

Porrini, E.; Ruggenenti, P.; Mogensen, C.E.; Barlovic, D.P; Praga, M.; Cruzado, ].M.; Hojs, R.; Abbate, M.; de Vries, A.PJ;
ERA-EDTA Diabesity Working Group. Non-proteinuric pathways in loss of renal function in patients with type 2 diabetes. Lancet
Diabetes Endocrinol. 2015, 3, 382-391. [CrossRef] [PubMed]

Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease. Clin. J. Am. Soc. Nephrol. CJASN 2017, 12, 2032-2045. [CrossRef]
[PubMed]

Hung, P-H.; Hsu, Y.-C.; Chen, T.-H.; Lin, C.-L. Recent Advances in Diabetic Kidney Diseases: From Kidney Injury to Kidney
Fibrosis. Int. ]. Mol. Sci. 2021, 22, 11857. [CrossRef]

Cianferotti, L.; Cipriani, C.; Corbetta, S.; Corona, G.; Defeudis, G.; Lania, A.G.; Messina, C.; Napoli, N.; Mazziotti, G. Bone quality
in endocrine diseases: Determinants and clinical relevance. J. Endocrinol. Investig. 2023, 46, 1283-1304. [CrossRef]

Walle, M.; Whittier, D.E.; Frost, M.; Miiller, R.; Collins, C.J. Meta-analysis of diabetes mellitus-associated differences in bone
structure assessed by High-resolution Peripheral Quantitative Computed Tomography. Curr. Osteoporos. Rep. 2022, 20, 398—409.
[CrossRef]

Weber, D.R.; Long, F.; Zemel, B.S.; Kindler, ].M. Glycemic Control and Bone in Diabetes. Curr. Osteoporos. Rep. 2022, 20, 379-388.
[CrossRef]

Kindler, ].M.; Laing, EIM.; Liu, W,; Dain, J.A.; Lewis, R.D. Pentosidine is associated with cortical bone geometry and insulin
resistance in otherwise healthy children. ]. Bone Miner. Res. 2019, 34, 1446-1450. [CrossRef]

Karim, L.; Moulton, J.; Van Vliet, M.; Velie, K.; Robbins, A.; Malekipour, F; Abdeen, A.; Ayres, D.; Bouxsein, M.L. Bone
microarchitecture, biomechanical properties, and advanced glycation end-products in the proximal femur of adults with type 2
diabetes. Bone 2018, 114, 32-39. [CrossRef] [PubMed]


https://doi.org/10.2337/dc23-S009
https://www.ncbi.nlm.nih.gov/pubmed/36507650
https://doi.org/10.1007/s00198-018-4650-2
https://doi.org/10.1002/jbmr.4697
https://www.ncbi.nlm.nih.gov/pubmed/36065588
https://doi.org/10.1016/j.bone.2018.07.013
https://www.ncbi.nlm.nih.gov/pubmed/30021126
https://doi.org/10.1002/jbm4.10346
https://www.ncbi.nlm.nih.gov/pubmed/32258965
https://doi.org/10.1016/j.jdiacomp.2018.04.005
https://www.ncbi.nlm.nih.gov/pubmed/29747995
https://doi.org/10.3389/fendo.2020.00122
http://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1001/jama.2016.10924
https://adr.usrds.org/
https://doi.org/10.1016/j.kint.2022.08.012
https://doi.org/10.3390/ijms22094824
https://doi.org/10.1016/j.numecd.2014.02.013
https://www.ncbi.nlm.nih.gov/pubmed/24780515
https://doi.org/10.3390/ijms21176275
https://www.ncbi.nlm.nih.gov/pubmed/32872570
https://doi.org/10.1002/advs.202100275
https://www.ncbi.nlm.nih.gov/pubmed/34319011
https://doi.org/10.1016/j.diabet.2014.10.003
https://www.ncbi.nlm.nih.gov/pubmed/25457474
https://doi.org/10.1016/S2213-8587(15)00094-7
https://www.ncbi.nlm.nih.gov/pubmed/25943757
https://doi.org/10.2215/CJN.11491116
https://www.ncbi.nlm.nih.gov/pubmed/28522654
https://doi.org/10.3390/ijms222111857
https://doi.org/10.1007/s40618-023-02056-w
https://doi.org/10.1007/s11914-022-00755-6
https://doi.org/10.1007/s11914-022-00747-6
https://doi.org/10.1002/jbmr.3727
https://doi.org/10.1016/j.bone.2018.05.030
https://www.ncbi.nlm.nih.gov/pubmed/29857063

J. Clin. Med. 2023, 12, 7260 150f18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hunt, H.B.; Torres, A.M.; Palomino, PM.; Marty, E.; Saiyed, R.; Cohn, M.; Jo, J.; Warner, S.; Sroga, G.E.; King, K.B.; et al. Altered
tissue composition, microarchitecture, and mechanical performance in cancellous bone from men with type 2 diabetes mellitus. J.
Bone Miner. Res. 2019, 34, 1191-1206. [CrossRef] [PubMed]

Koromani, F; Oei, L.; Shevroja, E.; Trajanoska, K.; Schoufour, J.; Muka, T.; Franco, O.H.; Ikram, M.A ; Zillikens, M.C.; Uitterlinden,
A.G,; et al. Vertebral fractures in individuals with type 2 diabetes: More than skeletal complications alone. Diabetes Care 2020, 43,
137-144. [CrossRef]

KDIGO. KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic
Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kidney Int. Suppl. 2017, 7, 1-59. [CrossRef] [PubMed]

Young, T.K,; Toussaint, N.D.; Di Tanna, G.L.; Arnott, C.; Hockham, C.; Kang, A.; Schutte, A.E.; Perkovic, V.; Mahaffey, KW.,;
Agarwal, R.; et al. Risk Ffactors for fracture in patients with coexisting chronic kidney disease and type 2 diabetes: An
observational analysis from the CREDENCE Trial. ]. Diabetes Res. 2022, 2022, 9998891. [CrossRef]

Malluche, H.; Porter, D.S.; Monier-Faugere, M.C.; Mawad, H.; Pienkowski, D. Differences in bone quality in lower cancellous
bone volume and reduced trabecular thickness. J. Am. Soc. Nephrol. 2012, 23, 525-532. [CrossRef] [PubMed]

Fusaro, M; Sarto, G.V.R.; Gallieni, M.; Cosmai, L.; Messa, P.; Rossini, M.; Chiodini, I.; Plebani, M.; Evenepoel, P.; Harvey, N.; et al.
Time for Revival of Bone Biopsy with Histomorphometric Analysis in Chronic Kidney Disease (CKD): Moving from Skepticism
to Pragmatism. Nutrients 2022, 14, 1742. [CrossRef]

Khairallah, P.; Nickolas, T.L.; Fusaro, M. How and when to assess bone mineral density and bone quality in chronic kidney
disease patients? Nephrol. Dial. Transplant. 2021, 36, 774-776. [CrossRef]

Ramalhoa, J.; Marques, L.; Hans, D.; Dempster, D.; Zhoud, H.; Patele, P.; Pereira, RM.R,; Jorgettia, V.; Moysesa, RM.A;
Nickolas, T.L. The trabecular bone score: Relationships with trabecular and cortical microarchitecture measured by HR-pQCT
and histomorphometry in patients with chronic kidney disease. Bone 2018, 116, 215-220. [CrossRef]

El-Husseini, A.; Abdalbary, M.; Lima, F;; Issa, M.; Ahmed, M.-T.; Winkler, M.; Srour, H.; Davenport, D.; Wang, G.; Faugere, M.-C,;
et al. Low turnover renal osteodystrophy with abnormal bone quality and vascular calcification in patients with mild-to-moderate
CKD. Kidney Int. Rep. 2022, 7,1016-1026. [CrossRef] [PubMed]

Jamal, S.A.; Cheung, A.M.; West, S.L.; Lok, C.E. Bone mineral density by DXA and HR pQCT can discriminate fracture status in
men and women with stages 3 to 5 chronic kidney disease. Osteoporos. Int. 2012, 23, 2805-2813. [CrossRef]

Hygum, K.; Starup-Linde, J.; Harslef, T.; Vestergaard, P.; Langdahl, B.L. MECHANISMS IN ENDOCRINOLOGY: Diabetes
mellitus, a state of low bone turnover—A systematic review and meta-analysis. Eur. |. Endocrinol. 2017, 176, R137-R157.
[CrossRef] [PubMed]

Tang, H.L.; Li, D.D.; Zhang, ].J.; Hsu, Y.H.; Wang, T.S.; Zhai, S.D.; Song, Y.Q. Lack of evidence for a harmful effect of sodium-
glucose co-transporter 2 (SGLT2) inhibitors on fracture risk among type 2 diabetes patients: A network and cumulative
meta-analysis of randomized controlled trials. Diabetes Obes. Metab. 2016, 18, 1199-1206. [CrossRef] [PubMed]

Ji, Y,; Geng, N.; Niu, Y.; Zhao, H.; Fei, W.; Chen, S.; Ping Ren, L. Relationship between geriatric nutritional risk index and
osteoporosis in type 2 diabetes in Northern China. BMC Endocr. Disord. 2022, 22, 308. [CrossRef]

Tseng, M.Y,; Liang, J.; Wu, C.C.; Cheng, H.S.; Yang, C.T.; Chen, C.Y.; Shyu, Y.I.L. Better nutrition trajectory improves recovery
following a hip fracture surgery for older persons with diabetes mellitus. Aging Clin. Exp. Res. 2022, 34, 2815-2824. [CrossRef]
[PubMed]

Bahardoust, M.; Yarali, M.; Donyadideh, M.; Rahimi, E.; Naderi, D.; Tehrani, EM.; Delpisheh, A. The use of metformin, su
fonylurea compounds and insulin and the risk of hip fractures in diabetic patients: A systematic review and meta-analysis of
observational studies. BMC Musculoskelet. Disord. 2023, 24, 367. [CrossRef] [PubMed]

Ala, M.; Ala, M. Metformin for cardiovascular protection, inflammatory bowel disease, osteoporosis, periodontitis, polycystic
ovarian syndrome, neurodegeneration, cancer, inflammation and senescence: What Is next? ACS Pharmacol. Transl. Sci. 2021, 4,
1747-1770. [CrossRef]

Bornstein, S.; Moschetta, M.; Kawano, Y.; Sacco, A.; Huynh, D.; Brooks, D.; Manier, S.; Fairfield, H.; Falank, C.; Roccaro, A.M.;
et al. Metformin affects cortical bone mass and marrow adiposity in diet-induced obesity in male mice. Endocrinology 2017, 158,
3369-3385. [CrossRef]

Duan, W.; Zou, H.; Zang, N.; Ma, D.; Yang, B.; Zhu, L. Metformin increases bone marrow adipose tissue by promoting
mesenchymal stromal cells apoptosis. Aging 2023, 15, 542-552. [CrossRef]

De Broe, M.E,; Jouret, F. Does metformin do more benefit or harm in chronic kidney disease patients? Kidney Int. 2020, 98,
1098-1101. [CrossRef]

Neven, E.; Vervaet, B.; Brand, K.; Gottwald-Hostalek, U.; Opdebeeck, B.; De Maré, A.; Verhulst, A.; Lalau, J.-D.; Kamel, S.; De
Broe, M.E,; et al. Metformin prevents the development of severe chronic kidney disease and its associated mineral and bone
disorder. Kidney Int. 2018, 94, 102-113. [CrossRef] [PubMed]

Mabilleau, G.; Pereira, M.; Chenu, C. Novel skeletal effects of glucagon-like peptide-1 (GLP-1) receptor agonists. J. Endocrinol.
2018, 236, R29-R42. [CrossRef] [PubMed]

Wu, X,; Li, S.; Xue, P; Li, Y. Liraglutide, a glucagon-like peptide-1 receptor agonist, facilitates osteogenic proliferation and
differentiation in MC3T3-E1 cells through phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT), extracellular signal-related
kinase (ERK)1/2, and cAMP/protein kinase A (PKA) signaling pathways involving beta-catenin. Exp. Cell Res. 2017, 360, 281-291.
[CrossRef] [PubMed]


https://doi.org/10.1002/jbmr.3711
https://www.ncbi.nlm.nih.gov/pubmed/30866111
https://doi.org/10.2337/dc19-0925
https://doi.org/10.1016/j.kisu.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/30675420
https://doi.org/10.1155/2022/9998891
https://doi.org/10.1681/ASN.2010121253
https://www.ncbi.nlm.nih.gov/pubmed/22193385
https://doi.org/10.3390/nu14091742
https://doi.org/10.1093/ndt/gfz198
https://doi.org/10.1016/j.bone.2018.08.006
https://doi.org/10.1016/j.ekir.2022.02.022
https://www.ncbi.nlm.nih.gov/pubmed/35570986
https://doi.org/10.1007/s00198-012-1908-y
https://doi.org/10.1530/EJE-16-0652
https://www.ncbi.nlm.nih.gov/pubmed/28049653
https://doi.org/10.1111/dom.12742
https://www.ncbi.nlm.nih.gov/pubmed/27407013
https://doi.org/10.1186/s12902-022-01215-z
https://doi.org/10.1007/s40520-022-02221-w
https://www.ncbi.nlm.nih.gov/pubmed/36040680
https://doi.org/10.1186/s12891-023-06493-9
https://www.ncbi.nlm.nih.gov/pubmed/37161384
https://doi.org/10.1021/acsptsci.1c00167
https://doi.org/10.1210/en.2017-00299
https://doi.org/10.18632/aging.204486
https://doi.org/10.1016/j.kint.2020.04.059
https://doi.org/10.1016/j.kint.2018.01.027
https://www.ncbi.nlm.nih.gov/pubmed/29716795
https://doi.org/10.1530/JOE-17-0278
https://www.ncbi.nlm.nih.gov/pubmed/28855317
https://doi.org/10.1016/j.yexcr.2017.09.018
https://www.ncbi.nlm.nih.gov/pubmed/28919123

J. Clin. Med. 2023, 12, 7260 16 of 18

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Daniilopoulou, I.; Vlachou, E.; Lambrou, G.I.; Ntikoudi, A.; Dokoutsidou, E.; Fasoi, G.; Govina, O.; Kavga, A ; Tsartsalis, A.N. The
impact of GLP1 agonists on bone metabolism: A systematic review. Medicina 2022, 58, 224. [CrossRef] [PubMed]

Yamada, S.; Tanabe, J.; Ogura, Y.; Nagai, Y.; Sugaya, T.; Ohata, K.; Natsuki, Y.; Ichikawa, D.; Watanabe, S.; Inoue, K; et al.
Renoprotective effect of GLP-1 receptor agonist, liraglutide, in early-phase diabetic kidney disease in spontaneously diabetic Torii
fatty rats. Clin. Exp. Nephrol. 2021, 25, 365-375. [CrossRef] [PubMed]

Yang, Y.; Zhao, C.; Liang, J.; Yu, M.; Qu, X. Effect of Dipeptidyl Peptidase-4 Inhibitors on Bone Metabolism and the Possible
Underlying Mechanisms. Front. Pharmacol. 2017, 8, 487. [CrossRef]

Wang, C.; Xiao, F; Qu, X,; Zhai, Z.; Hu, G.; Chen, X.; Zhang, X. Sitagliptin, An Anti-diabetic Drug, Suppresses Estrogen
Deficiency-Induced OsteoporosisIn Vivo and Inhibits RANKL-Induced Osteoclast Formation and Bone Resorption In Vitro. Front.
Pharmacol. 2017, 8, 407. [CrossRef]

Yang, Q.; Fu, B.; Luo, D.; Wang, H.; Cao, H.; Chen, X,; Tian, L.; Yu, X. The multiple biological functions of Dipeptidyl Peptidase-4
in bone metabolism. Front. Endocrinol. 2022, 13, 856954. [CrossRef]

CoppoliCoppolino, G.; Leporini, C.; Rivoli, L.; Ursini, F,; di Paola, E.D.; Cernaro, V.; Arturi, F; Bolignano, D.; Russo, E.; De
Sarro, G.; et al. Exploring the effects of DPP-4 inhibitors on the kidney from the bench to clinical trials. Pharmacol. Res. 2018, 219,
274-294. [CrossRef]

Dong, B.; Lv, R.; Wang, J.; Che, L.; Wang, Z.; Huai, Z.; Wang, Y.; Xu, L. The extraglycemic effect of SGLT-2is on mineral and bone
metabolism and bone fracture. Front. Endocrinol. 2022, 13, 918350. [CrossRef] [PubMed]

Youssef, M.E.; Yahya, G.; Popoviciu, M.S.; Cavalu, S.; Abd-Eldayem, M.A.; Saber, S. Unlocking the full potential of SGLT2
inhibitors: Expanding applications beyond glycemic control. Int. . Mol. Sci. 2023, 24, 6039. [CrossRef] [PubMed]

Neuen, B.L.; Young, T.; Heerspink, H.J.L.; Neal, B.; Perkovic, V.; Billot, L.; Mahaffey, KW.; Charytan, D.M.; Wheeler, D.C,;
Arnott, C.; et al. SGLT2 inhibitors for the prevention of kidney failure in patients with type 2 diabetes: A systematic review and
meta-analysis. Lancet Diabetes Endocrinol. 2019, 7, 845-854. [CrossRef] [PubMed]

Nishiyama, A.; Kitada, K. Possible renoprotective mechanisms of SGLT2 inhibitors. Front. Med. 2023, 10, 1115413. [CrossRef]
Fronczek-Sokol, J.; Pytlik, M. Effect of glimepiride on the skeletal system of ovariectomized and non-ovariectomized rats.
Pharmacol. Rep. 2014, 66, 412-417. [CrossRef] [PubMed]

Ma, P; Gu, B.; Xiong, W.; Tan, B.; Geng, W.; Li, ].; Liu, H. Glimepiride promotes osteogenic differentiation in rat osteoblasts via
the PI3K/ Akt/eNOS pathway in a high glucose microenvironment. PLoS ONE 2014, 9, e112243. [CrossRef]

Conte, C.; Epstein, S.; Napoli, N. Insulin resistance and bone: A biological partnership. Acta Diabetol. 2018, 55, 305-314. [CrossRef]
Thrailkill, K.M.; Lumpkin, C.K.; Bunn, R.C.; Kemp, S.E; Fowlkes, ].L.; Maor, G.; Vasiliver-Shamis, G.; Hazan-Brill, R.; Wertheimer,
E.; Karnieli, E.; et al. Is insulin an anabolic agent in bone? Dissecting the diabetic bone for clues. Am. J. Physiol. Endocrinol. Metab.
2005, 289, E735-E745. [CrossRef]

Lazarenko, O.P; Rzonca, S.0.; Hogue, W.R.; Swain, FL.; Suva, L.].; Lecka-Czernik, B. Rosiglitazone induces decreases in bone
mass and strength that are reminiscent of aged bone. Endocrinology 2007, 148, 2669-2680. [CrossRef]

Pop, LM,; Lingvay, I; Yuan, Q.; Li, X.; Adams-Huet, B.; Maalouf, N.M. Impact of pioglitazone on bone mineral density and bone
marrow fat content. Osteoporos. Int. 2017, 28, 3261-3269. [CrossRef]

Nordklint, A.K.; Almdal, T.P.; Vestergaard, P.; Lundby-Christensen, L.; Boesgaard, T.W.; Breum, L.; Gade-Rasmussen, B.; Sneppen,
S.B.; Gluud, C.; Hemmingsen, B.; et al. The effect of metformin versus placebo in combination with insulin analogues on bone
mineral density and trabecular bone score in patients with type 2 diabetes mellitus: A randomized placebo-controlled trial. Osteop
Int. 2018, 29, 2517-2526. [CrossRef] [PubMed]

Schwartz, A.V,; Pan, Q.; Aroda, V.R,; Crandall, ].P.; Kriska, A.; Piromalli, C.; Wallia, A.; Temprosa, M.; Florez, H.; Diabetes
Prevention Program Research Group. Long-term effects of lifestyle and metformin interventions in DPP on bone density.
Osteoporos. Int. 2021, 32, 2279-2287. [CrossRef] [PubMed]

Sun, J.; Liu, Q.; He, H.; Jiang, L.; Lee, K.O,; Li, D.; Ma, J. Metformin treatment is associated with an increase in bone mineral
density in type 2 diabetes mellitus patients in China: A retrospective single center study. Diabetes Metab. 2022, 48, 101350.
[CrossRef] [PubMed]

Mu, W,; Liang, G.; Feng, Y,; Jiang, Y.; Qu, F. The potential therapeutic role of metformin in diabetic and non-diabetic bone
impairment. Pharmaceuticals 2022, 15, 1274. [CrossRef] [PubMed]

Lekkala, S.; Sacher, S.E.; Taylor, E.A.; Williams, R.M.; Moseley, K.E,; Donnelly, E. Increased advanced glycation endproducts,
stiffness, and hardness in iliac crest bone from postmenopausal women with type 2 diabetes mellitus on insulin. J. Bone Miner.
Res. 2023, 38, 261-277. [CrossRef] [PubMed]

Hidayat, K.; Du, X.; Wu, M.].; Shi, B.M. The use of metformin, insulin, sulphonylureas, and thiazolidinediones and the risk of
fracture: Systematic review and meta-analysis of observational studies. Obes. Rev. 2019, 20, 1494-1503. [CrossRef]
Salari-Moghaddam, A.; Sadeghi, O.; Keshteli, A.H.; Larijani, B.; Esmaillzadeh, A. Metformin use and risk of fracture: A systematic
review and meta-analysis of observational studies. Osteoporos. Int. 2019, 30, 1167-1173. [CrossRef]

Tsai, W.-H.; Kong, S.-K,; Lin, C.-L.; Cheng, K.-H.; Cheng, Y.-T.; Chien, M.-N.; Lee, C.-C.; Tsai, M.-C. Risk of fracture caused by
anti-diabetic drugs in individuals with type 2 diabetes: A network meta-analysis. Diabetes Res. Clin. Pract. 2022, 192, 110082.
[CrossRef]


https://doi.org/10.3390/medicina58020224
https://www.ncbi.nlm.nih.gov/pubmed/35208548
https://doi.org/10.1007/s10157-020-02007-2
https://www.ncbi.nlm.nih.gov/pubmed/33409761
https://doi.org/10.3389/fphar.2017.00487
https://doi.org/10.3389/fphar.2017.00407
https://doi.org/10.3389/fendo.2022.856954
https://doi.org/10.1016/j.phrs.2017.12.001
https://doi.org/10.3389/fendo.2022.918350
https://www.ncbi.nlm.nih.gov/pubmed/35872985
https://doi.org/10.3390/ijms24076039
https://www.ncbi.nlm.nih.gov/pubmed/37047011
https://doi.org/10.1016/S2213-8587(19)30256-6
https://www.ncbi.nlm.nih.gov/pubmed/31495651
https://doi.org/10.3389/fmed.2023.1115413
https://doi.org/10.1016/j.pharep.2013.12.013
https://www.ncbi.nlm.nih.gov/pubmed/24905517
https://doi.org/10.1371/journal.pone.0112243
https://doi.org/10.1007/s00592-018-1101-7
https://doi.org/10.1152/ajpendo.00159.2005
https://doi.org/10.1210/en.2006-1587
https://doi.org/10.1007/s00198-017-4164-3
https://doi.org/10.1007/s00198-018-4637-z
https://www.ncbi.nlm.nih.gov/pubmed/30027438
https://doi.org/10.1007/s00198-021-05989-1
https://www.ncbi.nlm.nih.gov/pubmed/34086101
https://doi.org/10.1016/j.diabet.2022.101350
https://www.ncbi.nlm.nih.gov/pubmed/35452818
https://doi.org/10.3390/ph15101274
https://www.ncbi.nlm.nih.gov/pubmed/36297386
https://doi.org/10.1002/jbmr.4757
https://www.ncbi.nlm.nih.gov/pubmed/36478472
https://doi.org/10.1111/obr.12885
https://doi.org/10.1007/s00198-019-04948-1
https://doi.org/10.1016/j.diabres.2022.110082

J. Clin. Med. 2023, 12, 7260 17 of 18

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Cheng, L.; Hu, Y,; Li, Y.Y.; Cao, X;; Bai, N.; Lu, T.T; Li, G.Q.; Li, N.; Wang, A.N.; Mao, X.M. Glucagon-like peptide-1 receptor
agonists and risk of bone fracture in patients with type 2 diabetes: A meta-analysis of randomized controlled trials. Diabetes
Metab. Res. Rev. 2019, 35, €3168. [CrossRef]

Driessen, ].H.; de Vries, E; van Onzenoort, H.; Harvey, N.C.; Neef, C.; van den Bergh, J.P.; Vestergaard, P.; Henry, R.M. The use of
incretins and fractures—A meta-analysis on population-based real life data. Br. |. Clin. Pharmacol. 2017, 83, 923-926. [CrossRef]
Bunck, M.C.; Poelma, M.; Eekhoff, E.M.; Schweizer, A.; Heine, R.J.; Nijpels, G.; Foley, J.E.; Diamant, M. Effects of vildagliptin on
postprandial markers of bone resorption and calcium homeostasis in recently diagnosed, well-controlled type 2 diabetes patients.
J. Diabetes 2012, 4, 181-185. [CrossRef]

Hegazy, S.K. Evaluation of the anti-osteoporotic effects of metformin and sitagliptin in postmenopausal diabetic women. J. Bone
Miner. Metab. 2015, 33, 207-212. [CrossRef]

Lee, D.-H.; Kim, K.Y.; Yoo, M.Y.; Moon, H.; Ku, EJ.; Oh, TK,; Jeon, H.]J. Effect of dipeptidyl peptidase-4 inhibitors on bone health
in patients with tpe 2 diabetes mellitus. J. Clin. Med. 2021, 10, 4775. [CrossRef] [PubMed]

Chen, Q.; Liu, T.; Zhou, H.; Peng, H.; Yan, C. Risk of Fractures Associated with Dipeptidyl Peptidase-4 Inhibitor Treatment: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials. Diabetes Ther. 2019, 10, 1879-1892. [CrossRef] [PubMed]
Fu, J.; Zhu, J.; Hao, Y.; Guo, C.; Zhou, Z. Dipeptidyl peptidase-4 inhibitors and fracture risk: An updated meta-analysis of
randomized clinical trials. Sci. Rep. 2016, 6, 29104. [CrossRef] [PubMed]

Chai, S.; Liu, F; Yang, Z.; Yu, S.; Liu, Z.; Yang, Q.; Sun, F. Risk of fracture with dipeptidyl peptidase-4 inhibitors, glucagon-like
peptide-1 receptor agonists, or sodium-glucose cotransporter-2 inhibitors in patients with type 2 diabetes aellitus: A systematic
review and network meta-analysis combining 177 randomized controlled trials with a median follow-up of 26 weeks. Front.
Pharmacol. 2022, 13, 825417. [CrossRef] [PubMed]

Cowan, A.; Jeyakumar, N.; Kang, Y.; Dixon, S.; Garg, A.; Naylor, K.; Weir, M.; Clemens, K. Fracture risk of sodium-glucose
cotransporter-2 inhibitors in chronic kidney disease. Clin. ]. Am. Soc. Nephrol. 2022, 17, 835-842. [CrossRef]

Bilezikian, J.P.; Watts, N.B.; Usiskin, K.; Polidori, D.; Fung, A.; Sullivan, D.; Rosenthal, N. Evaluation of Bone Mineral Density
and Bone Biomarkers in Patients with Type 2 Diabetes Treated with Canagliflozin. . Clin. Endocrinol. Metab. 2016, 101, 44-51.
[CrossRef] [PubMed]

Ljunggren, O.; Bolinder, J.; Johansson, L.; Wilding, J.; Langkilde, A.M.; Sjostrom, C.D.; Sugg, J.; Parikh, S. No effect on markers
of bone formation and resorption or bone mineral density in patients with inadequately controlled type 2 diabetes mellitus on
metformin. Diabetes Obes. Metab. 2012, 14, 990-999. [CrossRef]

van Dalem, J.; Werkman, N.C.; Bergh, ]. P.v.D.; Rossi, B.; Viggers, R.; Eastell, R.; Burden, A.M.; Stehouwer, C.D.; Klungel, O.H.;
Brouwers, M.C,; et al. Use of sodium-glucose co-transporter 2 inhibitors, changes in body mass index and risk of fracture: A
population-based cohort study. Diabetes Res. Clin. Pract. 2022, 190, 109993. [CrossRef]

Watts, N.B.; Bilezikian, ].P.; Usiskin, K.; Edwards, R.; Desai, M.; Law, G.; Meininger, G. Effects of Canagliflozin on Fracture Risk in
Patients with Type 2 Diabetes Mellitus. J. Clin. Endocrinol. Metab. 2016, 101, 157-166. [CrossRef] [PubMed]

Li, X,; Li, T.; Cheng, Y,; Lu, Y.; Xue, M.; Xu, L.; Liu, X,; Yu, X,; Sun, B.; Chen, L. Effects of SGLT2 inhibitors on fractures and bone
mineral density in type 2 diabetes: An updated meta-analysis. Diabetes Metab. Res. Rev. 2019, 35, €3170. [CrossRef] [PubMed]
Zhou, Z.; Jardine, M.; Perkovic, V.; Matthews, D.R.; Mahaffey, KW.; de Zeeuw, D.; Fulcher, G.; Desai, M.; Oh, R.; Simpson, R.;
et al. Canagliflozin and fracture risk in individuals with type 2 diabetes: Results from the CANVAS Program. Diabetologia 2019,
62,1854-1867. [CrossRef] [PubMed]

Qiu, M; Ding, L.-L.; Zhang, M.; Zhou, H.-R. Safety of four SGLT2 inhibitors in three chronic diseases: A meta-analysis of large
randomized trials of SGLT2 inhibitors. Diabetes Vascul. Dis. Res. 2021, 18, 14791641211011016. [CrossRef]

Zinman, B.; Haffner, S.M.; Herman, W.H.; Holman, R.R.; Lachin, ].M.; Kravitz, B.G.; Paul, G.; Jones, N.P; Aftring, R.P; Viberti, G,;
et al. Effect of rosiglitazone, metformin, and glyburide on bone biomarkers in patients with type 2 diabetes. ]. Clin. Endocrinol.
Metab. 2010, 95, 134-142. [CrossRef] [PubMed]

Vianna, A.G.D.; de Lacerda, C.S.; Pechmann, L.M.; Polesel, M.G.; Marino, E.C.; Borba, V.Z.C.; Barreto, F.d.C. Vildagliptin has the
same safety profile as a sulfonylurea on bone metabolism and bone mineral density in post-menopausal women with type 2
diabetes: A randomized controlled trial. Diabetol. Metab. Syndr. 2017, 9, 35. [CrossRef]

Gilbert, M.P,; Pratley, R.E. The impact of diabetes and diabetes medications on bone health. Endocr. Rev. 2015, 36, 194-213.
[CrossRef] [PubMed]

Gilbert, M.P.; Marre, M.; Holst, ].].; Garber, A.; Baeres, EM.; Thomsen, H.; Pratley, R.E. Comparison of the Long-Term Effects of
Liraglutide and Glimepiride Monotherapy on Bone Mineral Density in Patients with Type 2 Diabetes. Endocr. Pract. 2016, 22,
406-411. [CrossRef]

Tao, Y.; Meng, E.; Shi, J.; Zhang, Z. Sulfonylureas use and fractures risk in elderly patients with type 2 diabetes mellitus: A
meta-analysis study. Aging Clin. Experim Res. 2021, 33, 2133-2139. [CrossRef]

Liu, D.; Bai, J.-J.; Yao, J.-J.; Wang, Y.-B.; Chen, T.; Xing, Q.; Bai, R. Association of insulin glargine treatment with bone mineral
density in patients with type 2 diabetes mellitus. Diabetes Metab. Syndr. Obes. 2021, 14, 1909-1917. [CrossRef]

Stage, T.B.; Christensen, M.H.; Jorgensen, N.R.; Beck-Nielsen, H.; Brosen, K.; Gram, J.; Frost, M. Effects of metformin, rosiglitazone
and insulin on bone metabolism in patients with type 2 diabetes. Bone 2018, 112, 35-41. [CrossRef] [PubMed]

Rasmussen, N.H.; Vestergaard, P. Diabetes and osteoporosis e treating two entities: A challenge or cause for concern? Best. Pract.
Res. Clin. Rheumatol. 2022, 36, 101779. [CrossRef] [PubMed]


https://doi.org/10.1002/dmrr.3168
https://doi.org/10.1111/bcp.13167
https://doi.org/10.1111/j.1753-0407.2011.00168.x
https://doi.org/10.1007/s00774-014-0581-y
https://doi.org/10.3390/jcm10204775
https://www.ncbi.nlm.nih.gov/pubmed/34682898
https://doi.org/10.1007/s13300-019-0668-5
https://www.ncbi.nlm.nih.gov/pubmed/31347093
https://doi.org/10.1038/srep29104
https://www.ncbi.nlm.nih.gov/pubmed/27384445
https://doi.org/10.3389/fphar.2022.825417
https://www.ncbi.nlm.nih.gov/pubmed/35847027
https://doi.org/10.2215/CJN.16171221
https://doi.org/10.1210/jc.2015-1860
https://www.ncbi.nlm.nih.gov/pubmed/26580234
https://doi.org/10.1111/j.1463-1326.2012.01630.x
https://doi.org/10.1016/j.diabres.2022.109993
https://doi.org/10.1210/jc.2015-3167
https://www.ncbi.nlm.nih.gov/pubmed/26580237
https://doi.org/10.1002/dmrr.3170
https://www.ncbi.nlm.nih.gov/pubmed/30983141
https://doi.org/10.1007/s00125-019-4955-5
https://www.ncbi.nlm.nih.gov/pubmed/31399845
https://doi.org/10.1177/14791641211011016
https://doi.org/10.1210/jc.2009-0572
https://www.ncbi.nlm.nih.gov/pubmed/19875477
https://doi.org/10.1186/s13098-017-0232-2
https://doi.org/10.1210/er.2012-1042
https://www.ncbi.nlm.nih.gov/pubmed/25738213
https://doi.org/10.4158/EP15758.OR
https://doi.org/10.1007/s40520-020-01736-4
https://doi.org/10.2147/DMSO.S302627
https://doi.org/10.1016/j.bone.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/29654849
https://doi.org/10.1016/j.berh.2022.101779
https://www.ncbi.nlm.nih.gov/pubmed/36154803

J. Clin. Med. 2023, 12, 7260 18 of 18

96.

97.

98.

99.

100.

101.

102.

Billington, E.O.; Grey, A.; Bolland, M.]. The effect of thiazolidinediones on bone mineral density and bone turnover: Systematic
review and meta-analysis. Diabetologia 2015, 58, 2238-2246. [CrossRef] [PubMed]

Cairoli, E.; Grassi, G.; Gaudio, A.; Palermo, A.; Vescini, F.; Falchetti, A.; Merlotti, D.; Eller-Vainicher, C.; Carnevale, V.; Scillitani,
A.; et al. Validation of the clinical consensus recommendations on the management of fracture risk in postmenopausal women
with type 2 diabetes. Nutr. Metab. Cardiov. Dis. 2023, 33, 158-167. [CrossRef]

Evenepoel, P; Cunningham, J.; Ferrari, S.; Haarhaus, M.; Javaid, M.K.; Lafage-Proust, M.-H.; Prieto-Alhambra, D.; Torres, P.U.;
Cannata-Andia, J.; Vervloet, M.; et al. European Consensus Statement on the diagnosis and management of osteoporosis in
chronic kidney disease stages G4-G5D. Nephrol. Dial. Transplant. 2021, 36, 42-59. [CrossRef] [PubMed]

Farsani, M.A.; Banitalebi, E.; Faramarzi, M.; Bakhtiari, N.; Rahimi, M.; Duque, G. Bone-muscle crosstalk following exercise
plus Ursolic acid by myomiR-133a/Cx43-Runx2 axis in aged type 2 diabetes rat models. Chem. Biol. Interact. 2023, 370, 110315.
[CrossRef]

Chapman, A.; Meyer, C.; Renehan, E.; Hill, K.D.; Browning, C.J. Exercise interventions for the improvement of falls-related
outcomes among older adults with diabetes mellitus: A systematic review and meta-analyses. ]. Diabetes Compl. 2017, 31, 631-645.
[CrossRef]

Abildgaard, J.; Johansen, M.Y.; Skov-Jeppesen, K.; Andersen, L.B.; Karstoft, K.; Hansen, K.B.; Hartmann, B.; Holst, ].].; Pedersen,
B.K,; Ried-Larsen, M. Effects of a lifestyle intervention on bone turnover in persons with type 2 diabetes: A post hoc analysis of
the U-TURN trial. Med. Sci. Sports Exerc. 2021, 54, 38—46. [CrossRef]

Hidayat, K.; Fang, Q.-L.; Shi, B.-M.; Qin, L.-Q. Influence of glycemic control and hypoglycemia on the risk of fracture in patients
with diabetes mellitus: A systematic review and meta-analysis of observational studies. Osteoporos. Int. 2021, 32, 1693-1704.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00125-015-3660-2
https://www.ncbi.nlm.nih.gov/pubmed/26109213
https://doi.org/10.1016/j.numecd.2022.10.004
https://doi.org/10.1093/ndt/gfaa192
https://www.ncbi.nlm.nih.gov/pubmed/33098421
https://doi.org/10.1016/j.cbi.2022.110315
https://doi.org/10.1016/j.jdiacomp.2016.09.015
https://doi.org/10.1249/MSS.0000000000002776
https://doi.org/10.1007/s00198-021-05934-2

	Introduction 
	Search Strategy 
	Epidemiology and Pathophysiology of Type 2 Diabetes and Diabetic Kidney Disease 
	Bone Health in Type 2 Diabetes and CKD 
	Antidiabetics and Bone Health in Patients with Normal Renal Function and in CKD 
	Experimental Studies 
	Clinical Studies 

	The Use of Antidiabetics in T2DM with and without CKD: From Standards of Care to Strategies for Supporting Bone Health 
	Perspectives 
	References

