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Abstract

Persons with type 1 or type 2 diabetes (T1D, T2D) have a significantly higher fracture risk than 

age-matched persons without diabetes, attributed to disease-specific deficits in the 

microarchitecture and material properties of bone tissue. Therefore, independent effects of 

diabetes drugs on skeletal integrity are vitally important. Studies of incretin-based therapies have 

shown divergent effects of different agents on fracture risk, including detrimental, beneficial and 

neutral effects. The sulfonylurea class of drugs, owing to its hypoglycemic potential, is thought to 

amplify the risk of fall-related fractures, particularly in the elderly. Other agents such as the 

biguanides may, in fact, be osteo-anabolic. In contrast, despite similarly expected anabolic 

properties of insulin, data suggests that insulin pharmacotherapy itself, particularly in T2D, may 

be a risk factor for fracture, negatively associated with determinants of bone quality and bone 

strength. Finally, sodium-dependent glucose co-transporter 2 inhibitors have been associated with 

an increased risk of atypical fractures in select populations, and possibly with an increase in lower 

extremity amputation with specific SGLT2I drugs. The role of skeletal muscle, as a potential 

mediator and determinant of bone quality, is also a relevant area of exploration. Currently, data 

regarding the impact of glucose lowering medications on diabetes-related muscle atrophy is more 

limited, although preclinical studies suggest that various hypoglycemic agents may have either 

aggravating (sulfonylureas, glinides) or repairing (thiazolidinediones, biguanides, incretins) effects 

on skeletal muscle atrophy, thereby influencing bone quality. Hence, the therapeutic efficacy of 

each hypoglycemic agent must also be evaluated in light of its impact, alone or in combination, on 

musculoskeletal health, when determining an individualized treatment approach. Moreover, the 

effect of newer medications (potentially seeking expanded clinical indication into the pediatric age 

range) on the growing skeleton is largely unknown. Herein we review the available literature 

regarding effects of diabetes pharmacotherapy, by drug class and/or by clinical indication, on the 

musculoskeletal health of persons with diabetes.
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INTRODUCTION

The incidence of both type 1 diabetes (T1D) and type 2 diabetes (T2D) is increasing 

steadily, both in the United States (US) and worldwide (1–7). The National Diabetes 

Statistics report, 2017 (www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-

statistics-report.pdf) (8) estimates that as of 2015, 30.3 million people in the US have 

diabetes (T1D or T2D), with 23.1 million being diagnosed and 7.2 million being 

undiagnosed; ~90–95% of these have T2D. In China, where diabetes prevalence is the 

highest worldwide, an estimated 110 million adults have diabetes (1). Globally, the 

International Diabetes Federation estimates that the diabetes pandemic encompasses 8.8% of 

the global population; and, in 2017, worldwide healthcare expenditure for diabetes exceeded 

800 billion US dollars (www.diabetesatlas.org) (9). The economic burden of diabetes in the 

US alone in 2017 has been estimated at $327 billion, both in direct medical care costs and in 

reduced productivity, representing a 26% inflation-adjusted cost increase from just 5 years 

earlier (10).

While insulin replacement therapy remains the mainstay of therapy for T1D, the expanding 

armamentarium of medications for treatment of T2D now includes 11 distinct classes of 

glucose lowering oral or injectable medications, including insulin (11) (Table 1). Consensus 

guidelines of the American Diabetes Association (ADA) and the European Association for 

the Study of Diabetes (EASD) (12) recommend a HbA1c treatment target of <7% for most 

patients with T2D, and multicomponent therapy [along with lifestyle management and 

diabetes self-management education and support (DSMES)] is indicated if this HbA1c target 

is not achieved within ~3 months from start of treatment (11). As such, it can be anticipated 

that a multitude of individuals will, at some point in their lifetime, be exposed to diabetes 

pharmacotherapy, and very often requiring polypharmacy.

Osteoporosis is also an increasingly common skeletal disorder affecting an estimated 75 

million people in Europe, Japan and the Unites States; it is a condition which increases with 

aging, and is the predominant contributor to fracture in the elderly (www.iofbonehealth.org/

facts-statistics) (13). Worldwide, osteoporosis contributes annually to >8.9 million fractures. 

Prevalence rates for osteoporotic vertebral fracture, in particular, are highest in North 

American and in Asia, geographically mirroring areas that also exhibit a high prevalence of 

diabetes (14). At the same time, non-osteoporotic fall-related fractures are also becoming 

increasingly common at all ages (15).

Persons with either T1D or T2D are at relatively greater risk for fracture, when compared 

with age-matched persons without diabetes, potentially compounding these two independent 

public health concerns (16, 17). In those with T1D, fracture risk is increased across the 
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lifespan including in childhood (18), with relative risk for any osteoporotic fracture 

increasing 3-fold (19), and for hip fracture in particular increasing between 4-fold and 6-fold 

(19, 20). In those with T2D, fracture risk increases with longer duration of diabetes (21) and 

with poorer glycemic control (22, 23); but, for any given femoral neck bone mineral density 

(BMD) T-score or individual FRAX (World Health Organization Fracture Risk Algorithm) 

score, fracture risk is greater in those with T2D than in those without diabetes mellitus (24). 

Moreover, complications of fracture, such as delayed healing and secondary infection, as 

well as consequences of fracture, such as prolonged hospitalization and economic burden, 

are even more detrimental in the diabetic population, compared with the general population 

(25, 26).

The elevated propensity for fracture in persons with diabetes is not predictable by bone 

BMD measurements, which are typically only modestly decreased in T1D (27, 28), and 

normal or increased in T2D (29, 30). Instead, elevated fracture risk is attributed to secondary 

deficits in the microarchitecture (31, 32) and in the material properties of the bone tissue 

(33), along with pathophysiological and genetic factors intrinsic to diabetes itself (32). 

Variables inherent to both T1D and T2D, including chronic hyperglycemia and glycemic 

variation (23), tissue-specific accumulation of advanced glycation end-products (AGEs) (34, 

35), dysregulation of insulin-like growth factor 1 (IGF-1) bioavailability (36, 37), variable 

insulin exposure (endogenous or exogenous), enhanced oxidative stress, changes in bone 

mineral and vitamin D homeostasis (38), and regional diabetic microvascular disease, 

undoubtedly all impact the skeletal quality in diabetes (3). Added to these variables is an 

increased propensity to falling, whether attributable to acute hypoglycemia, peripheral 

neuropathy, decreased visual acuity, or postural instability (39). Finally, the impact of 

diabetes-related muscle atrophy, as a determinant of both bone quality and individual 

stability, is relevant to the understanding of skeletal health in these disorders.

A decade ago, diabetes therapy using select thiazolidinedione (TZD) medications was first 

shown to further increase fracture risk in women with T2D (40), by accelerating bone loss 

(41), and activating osteoclastogenesis (42). This warning prompted a comprehensive and 

ongoing evaluation of the effects, both direct and indirect, of diabetes pharmacotherapy on 

bone health and fracture risk. While the impact of anti-diabetes medications on diabetes-

related loss of muscle mass has not been as extensively investigated, preclinical studies 

suggest that various hypoglycemic agents may also have either harmful (sulfonylureas, 

glinides) or beneficial (TZDs, biguanides, incretins) effects on muscle, thereby also 

influencing bone quality. Hence, when determining individualized treatment strategies for 

persons with diabetes, the therapeutic efficacy of each hypoglycemic agent must also be 

evaluated in light of its impact, alone or in combination, on the bone and muscle health of 

each individual.

The intent of this review is to provide a comprehensive overview of known preclinical and 

clinical effects of diabetes pharmacotherapy, by drug class and/or by clinical indication, on 

the musculoskeletal system in diabetes (summarized in Table 2). This chapter is considered a 

comprehensive review and discussion of the literature, but is not intended as a clinical 

management guideline or recommendation. Recommendations regarding the personalized 

management of persons with both T2D and osteoporosis have recently been published (43). 
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A similar guideline for the T1D population with osteoporosis has not been established 

although co-therapy with insulin and various other drugs (SGLT2 inhibitors, amylin 

mimetics) is on the rise, suggesting that similar recommendations will be needed in the 

future.

DRUGS AND BONE

Insulin Action

1. Insulin

Mechanism of Action: Insulin is a peptide hormone (~7.5 kD), produced by the β-cell of 

the pancreas and highly regulated by systemic glucose concentrations (44). Insulin signals 

primarily through the insulin receptor, a hetero-tetramer made up of two extracellular α-

subunits and two transmembrane β-subunits, which is present on most cell-types (45). 

Insulin-mediated signaling can occur through phosphorylation of insulin receptor substrate 

(IRS)-1 and IRS-2 and subsequent activation of phosphatidylinositol (PI) 3-kinase or by 

activation of the mitogen-activated protein (MAP)/ERK kinase pathway (46–48). Insulin can 

mediate various cellular events including glucose uptake and promotion of mitogenesis (49).

In T1D, insulin production is reduced and therefore inadequate to control blood glucose 

levels due to impairment and destruction of pancreatic β-cells. In T2D, insulin production 

may actually be exaggerated, due to insulin resistance. However, in later stages of T2D, 

insulin production typically declines as β-cell failure ensues (50, 51). Thus, those with T1D 

are uniformly treated with insulin, while many individuals with T2D may eventually need to 

be treated with insulin (51). It is estimated that approximately 100 million people world-

wide require insulin therapy and that between 10–25% of those individuals have T2D (52). 

Despite its significant clinical utilization, the role that insulin therapy may play in 

modulating bone homeostasis in the context of diabetes is not well understood. Most clinical 

studies in diabetes examining insulin-bone interactions have been correlative in nature only, 

and not prospective, double-blinded or placebo-controlled.

Skeletal effects: In vitro: The insulin receptor is expressed by osteoblasts in vitro and in 
vivo (16, 53–56). Insulin receptor expression is detected in early bone progenitor cells as 

well as in primary bone cell cultures. Its expression is detected throughout differentiation, 

from pre-osteoblast to mature osteoblast, suggesting that insulin signaling is important in 

promoting all stages of osteogenesis (54). In vitro, insulin promotes osteoblast proliferation 

and increases type 1 collagen synthesis and alkaline phosphatase production by osteoblasts 

(57–63). Physiologic doses of insulin enhance glucose uptake by osteoblasts and recent data 

show that Glucose transporter type 4 (Glut-4) is the primary glucose transporter responsible 

for mediating insulin-stimulated glucose uptake by mature osteoblasts and osteocytes (64–

66). Only very limited information is available on any direct effects that insulin may have on 

osteoclasts; however, insulin has been shown to decrease osteoclast activity in culture (67). 

Taken together, these in vitro studies suggest that insulin may have broad activity to promote 

bone formation by regulating various phases of osteoblast maturation and osteoblast 

metabolism, and by decreasing bone resorption through inhibition of osteoclast activity.
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Skeletal effects: In vivo: In rodent models of type 1 diabetes, wherein significant pancreatic 

β-cell destruction has occurred and circulating insulin levels are very low to undetectable, 

skeletal micro-architecture, bone quality and fracture resistance are compromised and 

fracture healing and skeletal regeneration are impaired (53, 68). These skeletal deficits are in 

large part due to decreased bone formation and significant down-regulation of Runt related 

transcription factor 2 (RUNX2), a master regulator of osteogenesis, as well as important 

skeletal genes known to be targets of RUNX2 (69, 70). Insulin administration to rodent 

models of type 1 diabetes consistently demonstrates improvements in bone 

microarchitecture, bone quality and biomechanical properties of bone and in fracture healing 

(53, 71–73). Even at the molecular level, RUNX2 and RUNX2-regulated osteogenic genes 

are in large part normalized in insulin-treated diabetic rodents (70).

Debate continues as to whether insulin’s ability to improve bone formation in the condition 

of diabetes is related to its glucose lowering effect and/or to its ability to directly impact 

osteoblastogenesis and bone formation. Advanced glycation end products (AGEs) are 

compounds generated through non-enzymatic reactions occurring between sugars and amine 

residues. In diabetes, where glucose levels are elevated, AGEs are deposited in many tissues, 

including bone (74). AGEs are associated with increased bone fragility in diabetes; thus, by 

lowering glucose levels, insulin may help to decrease accumulation of AGEs in bone (75, 

76). Never-the-less, in vivo evidence also suggests that insulin has a direct effect on bone 

formation and osteogenesis, irrespective of its effect on glucose metabolism. For instance, 

several studies in mice have shown that impaired insulin signaling, via knock-down of the 

insulin receptor specifically in osteoblast progenitors and mature osteoblasts, results in 

impaired bone formation, abnormal trabecular architecture, smaller cortices, and increased 

fragility, dependent on the developmental stage in which the insulin receptor was eliminated 

and in a sex-specific manner (56, 77, 78). In other studies, exogenous insulin administration 

shows a dose-dependent ability to prevent diabetes-related skeletal changes in mice, even 

though glucose levels remain elevated (79). Similarly, systemic insulin treatment of diabetic 

male Wistar rats (alloxan-induced) has been shown to improve bone repair and osteo-

integration around tibial titanium implants (80). Further support for a direct action of insulin 

on osteoblastogenesis in diabetes has come from fracture models in diabetic rodents, which 

demonstrate that insulin delivered locally to the fracture site results in normalization of 

mineralization, improved callus bone content, and enhanced biomechanical properties, 

despite persistent systemic hyperglycemia and systemic hypo-insulinemia (81). Together 

these preclinical data support a role for insulin to directly, and possibly indirectly, improve 

skeletal well-being in the context of active diabetes and persistent hyperglycemia.

Skeletal effects: Clinical investigation and fracture risk: Despite significant preclinical 

data to support a role for insulin in preventing skeletal consequences of diabetes, there is 

much less information about its role in skeletal preservation in humans with diabetes. 

Because all individuals with T1D are treated with insulin, it is impossible to carry out 

placebo-controlled studies. Nevertheless, in those with T1D, exogenous insulin dose and 

residual C-peptide production have been shown to positively correlate with the bone 

formation marker, osteocalcin (82). Also, inadequate glycemic control, potentially a 
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consequence of inadequate insulin administration, has been linked in some studies to low 

BMD in T1D [reviewed in (16)].

Studies in humans with T2D demonstrate a positive correlation between BMD by Dual X-

ray Absorptiometry (DXA) and insulin dose (83, 84) or urinary C-peptide excretion (83), 

suggesting that insulin may positively impact the skeletal properties of those with T2D. This 

is in keeping with several studies demonstrating that insulin resistance, a common feature of 

T2D, is associated with greater volumetric BMD, yet smaller bone size and lower strength 

indices, suggesting that normal insulin sensitivity may be related to increased bone 

formation and better skeletal outcomes (85–88). Despite the correlative data suggesting that 

insulin is associated with improved bone parameters in T2D, several recent reports have 

demonstrated a more rapid BMD loss and an increased fracture risk in those with T2D 

treated with insulin (89–93). It is not clear why this apparent paradox exists in T2D, but it 

may be related to the fact that most individuals treated with insulin for T2D are more 

advanced in their disease process (94). As such, they may have additional complications, 

such as microvascular disease or peripheral neuropathy, and may be at a higher risk to fall, 

thus increasing their chances of fracture.

Conclusion: Insulin therapy is always used in the treatment of T1D and commonly used in 

the treatment of T2D. Many in vitro, pre-clinical and clinical studies support the view that 

insulin can function as an anabolic agent in bone, and when used in the condition of 

diabetes, it may provide beneficial effects on bone formation and in the prevention of 

diabetic-related bone disease and fractures. However, recent data, specifically related to T2D 

in humans, suggests that insulin treatment may be unexpectedly associated with higher 

fracture rates.

Insulin Sensitizers

2. Biguanides

Mechanism of Action: Biguanides, conjoined chemical derivatives of guanidine, were 

initially endorsed (95) for the treatment of T2D in the 1950s. Early derivatives (phenformin, 

buformin) were ultimately withdrawn from the pharmaceutical market due to toxicity 

concerns: Metformin (Glucophage®), however, received FDA approval in the US in 1994 

and is now the principal biguanide used worldwide for its anti-hyperglycemic potential. 

Metformin is considered as the first line mono-therapy for most patients with T2D (12), both 

in adults (96, 97) and in children > 10 years of age (95). Recent recommendations of the 

ADA and EASD specifically state, “Because of its high efficacy in lowering HbA1c, good 
safety profile and low cost, metformin remains the first-line medication for management of 
type 2 diabetes” (12). While not fully elucidated, the anti-hyperglycemic effects of this drug 

class are attributable broadly to: 1) the inhibition of hepatic gluconeogenesis (98, 99); and 2) 

the enhancement of peripheral tissue insulin sensitization (95, 99), seemingly mediated via 

activation, albeit indirect, of adenosine monophosphate-activated protein kinase (AMPK) 

signaling pathways (100, 101). Recently identified and potentially beneficial non-glycemic 
effects of metformin, including resistance to cancer (102–106), aging (107, 108), infection 

(109), cognitive impairment (110), and cardiovascular disease (111) may further contribute 

to an increase in its overall use in the future.
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Skeletal effects: In vitro: Examining both murine and human-derived mesenchymal stem 

cell cultures, metformin exposure has been shown in several studies to induce an overall 

shift in mesenchymal stem cell differentiation toward the osteogenic pathway and away from 

adipogenesis (112–115). Further evidence of the osteogenic potential of metformin comes 

from studies utilizing a variety of osteoblast-specific cell cultures, including UMR106 cells, 

MC3T3–E1 cells, primary mouse calvarial cultures, and primary rat osteoblast cultures. 

Using these in vitro models, metformin-mediated increases in: 1) cell proliferation; 2) cell 

differentiation; 3) insulin-stimulated glucose uptake; 4) type 1 collagen production; 5) 

alkaline phosphatase activity; 6) extracellular matrix deposition and mineralization; along 

with 7) transcriptional up-regulation of pro-osteogenic genes [including Runx2, osteocalcin 

(Ocn), bone morphogenic protein-2 (Bmp-2), osteoprotegerin (Opg), Igf-1] have been 

demonstrated in cultured osteoblasts (116–120). In vitro, metformin also appears to protect 

against AGE-induced cellular injury and cell death in osteoblastic cells (121), similar to 

described effects in other human and rodent complication-affiliated cell types such as 

neurons (122), macrophages (123), cardiomyocytes (124), and renal tubular cells (125). In 

many cases, these effects are thought to be mediated by metformin activation of AMPK 

signaling pathways (112, 117, 126). Given that AMPK is a regulator of cellular energy 

sensing, a role for metformin in stimulating osteogenesis and inhibiting adipogenesis is 

conceptually consistent with its presumed systemic effects (127). Metformin is also 

hypothesized to be a negative regulator of Receptor Activator of Nuclear factor Kappa-B 

Ligand (RANKL), inhibiting the differentiation of osteoclasts (128, 129). Additionally, 

metformin has been shown to be a negative regulator of chondrocyte differentiation (130).

Never-the-less, not all in vitro studies support an anabolic role for metformin. Kasai, et al 
reported that metformin inhibited gene expression of Runx2 and osteoblast differentiation 

markers such as Ocn, bone sialo-protein (Bsp), and osteopontin (Opn) in terminally 

differentiated osteoblasts (131). Others have reported simply the lack of metformin effect on 

osteogenic differentiation or osteoblast function in vitro (132, 133).

Skeletal effects: In vivo: Skeletal effects of metformin in preclinical models have been 

somewhat inconsistent, demonstrating both pro-osteogenic efficacy as well as the absence of 

effect. Pro-osteogenic benefits have been demonstrated in vivo in non-diabetic rodent 

models. In rats, metformin monotherapy was shown to increase bone regeneration, increase 

femoral trabecular area, increase osteoblastic and osteocytic density (134), and to stimulate 

the re-ossification of artificial bone defects (135). Likewise, in mice, metformin treatment 

was found to increase cortical bone density and decreased medullary volume (113). Finally, 

metformin has been shown to attenuate the expected bone loss which occurs under various 

conditions, including: 1) ovariectomized models of post-menopausal osteoporosis (128, 

136); 2) experimental models of periodontitis-induced alveolar bone loss (137–140); and 3) 

pharmacotherapy-induced bone loss (134).

Studies utilizing various in vivo models of insulin resistance and/or hyperglycemia also 

generally confirm that metformin monotherapy is bone-friendly, with ability to counteract 

the detrimental effects of diabetes on bone. Specifically, metformin has been shown to 

prevent or correct the diabetes-induced alterations in bone microarchitecture and/or bone 

histology in models of partial insulin deficiency (141) and in models of insulin resistance, 
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diet-induced obesity or metabolic syndrome (142–145). At the same time, bone marrow 

adipose expansion, characteristic of mice fed a high-fat diet, was also correctible with 

metformin (143). Finally, metformin treatment appears to accelerate wound healing and 

angiogenesis in hyperglycemic rodents (146, 147). These findings, however, may be 

indirectly mediated by the insulin-sensitizing and/or glucose-lowering efficacy of metformin 

in these studies. As shown by Inouye et al, in Goto-Kakizaki (GK) spontaneously diabetic 

rats treated with metformin, the peri-implant wound healing around oral titanium implants 

was directly related to the glucose lowering success of the treatment (148).

In contrast, a lack of benefit has been seen in many other studies specifically examining 

bone regeneration or bone repair. In non-diabetic Wistar rats, metformin had a detrimental 

effect on osseointegration around titanium bone implants (149). In non-diabetic female 

rodents (either C57BL/6 ovariectomized mice or female Wistar rats), metformin treatment 

had no beneficial effect on fracture healing (150). In diabetic Zucker rats, metformin had a 

negative effect on fracture repair, despite successfully improving blood glucose (151); 

similarly, in a rat model of type 2 diabetes, metformin did not reverse the detrimental effects 

of hyperglycemia on bone healing around tibial titanium implants (152).

Skeletal effects: Clinical investigation and fracture risk: Investigation in humans more 

commonly supports the concept that metformin exposure has either a neutral or modestly 

beneficial effect on skeletal health and fracture occurrence. A neutral impact on fracture risk 

has been seen in studies examining metformin exposure and fracture incidence in a variety 

of T2D populations, often in comparison with other anti-diabetic medications. Specifically, 

data has indicated that metformin did not affect the risk of fracture in: 1) older adults with 

T2D (mean age ~ 69 years) living in the Tuscany region of Italy, and exposed to metformin 

for at least 36 months (153); 2) adults with T2D (mean age ~57 years) participating in the 

North American and European multisite ADOPT trial, with relatively recent onset T2D (< 3 

years at randomization) and receiving ~ 4 years of metformin treatment (40); 3) adults with 

T2D living in the United Kingdom (mean age ~ 61 years), identified through a large general 

practitioner database, receiving standard-of-care metformin therapy for ≥12 months duration 

(154); 4) adults with T2D living in Scotland (mean age ~ 65 years) with any history of 

metformin exposure (155); and 5) elderly men with T2D (median age ~73 years) enrolled in 

the United States, multisite Osteoporotic Fractures in Men study (93). Several studies 

specifically comparing metformin with the thiazolidinediones (TZDs) have also supported a 

comparatively neutral impact of metformin exposure on bone health, bone density or 

fracture risk (40, 156–159).

In support of an osteo-anabolic impact of metformin, a large case-controlled Danish study of 

fracture risk in patients with both T1D and T2D demonstrated a significant reduction in 

relative risk of fracture, after adjustment for multiple co-variates, among patients treated 

with metformin (91). Similarly, in residents of Rochester, MN, the diabetes-associated 

increased risk for fracture was relatively reduced among those treated with biguanides (160). 

Biguanide-related benefits to bone repair have also been reported. Specifically, metformin 

usage appeared to improve healing of fixated femoral neck fractures in a small retrospective 

study of patients with T2D and displaced fractures (161). Additionally, anabolic benefits of 

metformin have been seen with localized drug delivery for the treatment of intrabony defects 
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in non-diabetic patients with chronic periodontitis (162–164). Finally, in rapidly maturing 

peri-pubertal girls, treatment with metformin for 4 years duration normalized the accelerated 

pace of skeletal maturation in these children (165). Metformin-treated girls gained more 

height, and less central adiposity, per bone age year, possibly confirming a shift away from 

adipogenesis, as is seen in in vitro studies.

The effects of metformin on systemic bone biomarker concentrations have also been 

investigated as an indirect assessment of its drug-related skeletal impact. Several studies in 

adults with T2D (166, 167), along with one study in adults with non-alcoholic fatty liver 

disease (NAFLD)(168) suggest that extended treatment with metformin results in a decrease 

in biomarkers of bone turnover including Procollagen type 1 amino-terminal propeptide 

(P1NP) and carboxy-terminal collagen crosslinks (CTX) (166, 167), related, in some studies, 

to the improvement in glycemic control (169). These changes are not necessarily confirmed, 

however, following shorter duration of metformin exposure (170).

Only a very few studies have definitively reported adverse outcomes of metformin treatment 

on skeletal health. In a study of 67 adults with T2D, each receiving 1 year of treatment with 

1 of 6 distinct drug-treatments for T2D (n=8–13 per group), a significant treatment-emergent 

decrease in BMD of both spine and hip was seen in the metformin mono-therapy group 

(n=12), a finding which the authors acknowledge was clearly contrary to existing literature 

(171). However, this study was limited not only by the very small sample size of the 

metformin-treatment group, but by the finding that BMD and BMI (mean, 24.89±4.37) in 

the T2D patients as a whole were lower than BMD and BMI of their control subjects, 

suggesting that the diabetic cohort in this study was not typical of most T2D populations. 

Moreover, the relationship of these findings to any impact on fracture risk is not known, as 

BMD alone is expected to be a poor predictor of fracture risk in this population. In another 

study of exclusively postmenopausal women with T2D, 1 year of metformin therapy 

unexpectedly, but significantly, increased the percentage of circulating osteoclast precursor 

cells in peripheral blood (172), a finding which caused the authors to question the validity of 

their assay. Alternatively, this finding may be unique to postmenopausal women with T2D.

Conclusion: A number of preclinical studies infer a beneficial, osteogenic potential of 

metformin, including in vitro, in vivo, and ex vivo investigations. In vitro data generally 

demonstrate anabolic effects of metformin at the cellular level, while animal modeling has 

demonstrated both pro-osteogenic, as well as negative effects of drug exposure. Much of the 

pre-clinical data suggests, however, that metformin effects are perhaps most relevant in the 

context of diabetes, due to pharmacological mitigation of hyperglycemia. Clinical studies 

generally indicate that fractures are no more prevalent in patients treated with metformin, 

and fracture risk may in fact be reduced, perhaps attributable, again, to concurrent glycemic 

improvements. However, a direct comparison of patients treated with metformin 

monotherapy with other more intensified multicomponent therapies negates the contribution 

that diabetes severity itself may have on fracture risk assessment, limiting the relevance of 

these clinical conclusions. Never-the-less, metformin appears to be, at most, modestly 

anabolic and at least, neutral (i.e., not harmful) with respect to bone health.
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3. Thiazolidinediones

Mechanism of Action: Thiazolidinediones (TZDs), including FDA-approved rosiglitazone 

and pioglitazone, are synthetic peroxisome proliferator-activated receptor gamma (PPARγ) 

agonists. They enhance hepatic and peripheral insulin sensitivity through PPARγ activation 

(173) which modulates the transcription of several genes involved in glucose and lipid 

metabolism (174). Furthermore, PPARγ activation has effects on bone marrow cells; 

specifically, it promotes adipocyte differentiation and limits osteoblastogenesis (175). TZDs 

were introduced in the late 1990s and have been considered an effective second-line option 

in the treatment of T2D (11, 173). Both rosiglitazone and pioglitazone were associated with 

increased risk of fluid retention and congestive heart failure (176), leading to certain 

restrictions on prescribing by the FDA (11, 173). PPARγ has been implicated in bone 

metabolism, with specific effects on osteoblasts, osteocytes and osteoclasts (177, 178); 

therefore, it is not surprising that TZDs have also been associated with an increased risk of 

bone fractures based on a plethora of preclinical and clinical studies (41, 179–185), although 

some have suggested that the fracture risk could be similar to the risk in patients with T2D 

receiving insulin treatment (186).

Skeletal effects: In vitro: TZDs cause an imbalance between adipocyte and osteoblast 

formation (187) and this imbalance has been proposed as a possible mechanism for impaired 

bone metabolism. Specifically, most studies on TZDs have shown inhibition of osteoblast 

differentiation and mineralization (134, 175), reduced collagen and osteocalcin levels (188), 

decreased expression of RUNX2 (134) and decreased mRNA levels of RUNX2 (175, 189, 

190), osterix (190), type I collagen (188, 189) and osteocalcin (188). Additionally, TZDs 

inhibit alkaline phosphatase activity and osteocalcin production from murine osteoblasts 

(191), increase sclerostin levels (192), suppress Wnt signaling (187, 193), and induce 

osteoblast (191) and osteocyte (192, 194) death. One study showed no effects on osteoblast 

differentiation, alkaline phosphatase activity or mineralization in vitro when rosiglitazone or 

pioglitazone was added to human bone marrow stromal cells (195). This same study, 

however, reported a decrease in osteoblast precursors with an increase in adipocyte 

precursors in their in vivo studies, in cells harvested from humans treated with TZDs (195). 

Rosiglitazone has also been shown to suppress IGF-1 (196), which can negatively affect 

skeletal acquisition. A newer TZD, lobeglitazone (currently approved in South Korea) does 

not appear to have suppressive effects on osteoblast function when compared to 

rosiglitazone (197). Osteoclastogenesis is also affected by PPARγ (178); some studies have 

shown that TZDs promote osteoclastogenesis (198–200), whereas others have reported 

decreased bone resorption in vitro (201), reduced pit formation and a reduction in RANK 

expression and RANKL activation with TZDs (188).

Skeletal effects: In vivo: Numerous preclinical studies have been published on the effects 

of TZDs on bone. Studies involving rosiglitazone use in rodents found decreases in total 

body BMD (142, 189, 202–204) with a decrease in bone formation rate (189, 190, 198, 203), 

induction of osteoblast and osteocyte death (204), increased bone resorption/osteoclast 

activity (198, 203), and an increase in adipose content in the bone marrow (189, 190, 198, 

202, 203). In younger mice, low bone formation is considered to be the cause of bone loss, 

whereas in older mice increased osteoclastogenesis has been thought to contribute 
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significantly to bone loss (198). Some of the adverse effects of rosiglitazone have been 

prevented in rats with co-treatment with metformin (134).

Studies in rodents exposed to pioglitazone have found either no adverse effects on bone 

(142, 205) or negative effects. Several studies found that pioglitazone resulted in decreases 

in BMD (199, 202, 206), decreased bone strength (199, 207), decreased osteoblast surface 

and mineralizing surface and increased osteoclast surface and number (199), supporting that 

pioglitazone suppresses bone formation and promotes bone resorption (207), predisposing to 

bone fragility. These effects have been reversible in certain studies (206, 207) with 

discontinuation of treatment. Interestingly, when pioglitazone treatment has been combined 

with fenofibrate (a PPARα agonist) administration, the negative effects on bone were either 

unaffected (207) or attenuated (206).

Lastly, lobeglitazone did not have any negative effect on whole body and femoral BMD in 

mice compared to vehicle (197).

Skeletal effects: Clinical investigation and fracture risk

Effects on BMD and bone turnover markers: Studies examining a change in systemic bone 

biomarker concentration during TZD exposure have been inconsistent. Measurement of 

markers of bone turnover in T2D patients treated with TZDs has shown no difference (208), 

a decrease (167, 209), or an increase (210) in P1NP, a decrease in alkaline phosphatase (167, 

209–211), no difference (208, 209) or a decrease in osteocalcin (211) and an increase in 

sclerostin (166) levels. Likewise, a meta-analysis including 14 trials found considerable 

variation in bone turnover markers between studies (179). TZDs have also been shown to 

have no effect (209) or to increase CTX, a marker of bone resorption, compared to healthy 

controls (166, 208), or metformin or glyburide treatment (167, 212).

TZD effects on BMD, however, have been somewhat more consistent. TZDs have been 

associated with decreases in BMD, particularly in women (41, 179, 210, 211), although men 

with T2D on treatment with TZDs have been reported to have bone loss in both the spine 

and the hip (158, 213). Rosiglitazone has been associated with reductions in cortical 

thickness at the hip, as measured by QCT, in post-menopausal women with T2D when 

compared to metformin (214). One study reported that TZD use (troglitazone, pioglitazone, 

and/or rosiglitazone) was associated with significant bone loss in older women with T2D at 

multiple sites (215) and another study showed lower BMD of spine and total hip compared 

to metformin involving both men and women with T2D (158). However, when compared to 

insulin or exenatide treatment specifically, Li et al found no difference in BMD or bone 

turnover markers with pioglitazone (216). Grey et al found that pioglitazone when compared 

to control was associated with increased bone loss at the femur but no other sites (217). 

Finally, a recent meta-analysis on the effects of TZDs on bone reported decreases in BMD at 

the lumbar spine, total hip and forearm (179). Admittedly, however, effects of TZDs on 

BMD do not predict effects on the risk for fracture from TZD exposure.

Interestingly, the newer TZD, lobeglitazone, when compared with placebo over a 52-week 

treatment period, was not associated with a significant decrease in BMD (218) in 112 adults 

with T2D (mean age ~56 years; duration of T2D ~4 years); however, these relatively better 

Kalaitzoglou et al. Page 11

Diabetes Metab Res Rev. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



skeletal outcomes need to be confirmed with further studies, as there are no long-term data 

yet available.

Effects on fracture: TZDs have been explicitly associated with increased risk of fracture in 

several clinical studies. The ADOPT trial reported increased fracture risk in women with 

T2D treated with rosiglitazone compared to women taking metformin or glyburide 

(cumulative incidence of fractures was 15.1% with rosiglitazone vs 7.3% with metformin 

and 7.7% with glyburide) (40). Interestingly, in this study, men did not experience different 

fracture rates in the three treatment groups. The RECORD follow-up study reported that 

treatment of patients with T2D with a combination of metformin (M) + sulfonylurea (SU) 

demonstrated decreased fracture occurrence (6.8%), compared to rosiglitazone (R) (10.7%) 

(219). Fracture occurrence was more frequent in women (M + SU = 8.5% vs. R = 14.5%), 

compared with men (M + SU = 5.2% vs. R = 7.2%) (219). These findings have been 

confirmed in a meta-analysis involving patients with T2D treated with pioglitazone or 

rosiglitazone. All studies showed an overall increased risk of fractures with TZDs and half 

of them showed an increased risk in women with T2D (double risk of fracture), but not in 

men (220). A more recent meta-analysis of 22 randomized clinical trials using pioglitazone 

or rosiglitazone treatment for T2D patients (24,544 subjects) concluded that TZDs are 

associated with increased risk of fractures in women and that the fracture risk does not 

depend on age or duration of exposure to TZD (41). Other studies have also reported on 

increased risk, particularly in women treated with a TZD (220–223). Additionally, another 

study found that the fracture incidence in patients with T2D treated with a TZD was 39% 

higher compared to control patients, and that the risk was increased irrespective of gender 

after the age of 50 years (224). This risk was reported to be almost identical between 

rosiglitazone and pioglitazone (224). An increased prevalence of vertebral fractures was 

reported in male patients with T2D treated with TZD and metformin compared to metformin 

alone, supporting that men are also at risk of fractures when on TZDs (225). Other 

investigation supported the conclusion that fracture risk is independent of age and sex, with 

similar risk in both sexes (OR=2.5 for men, OR= 2.56 for women) (154). Few studies have 

found no increased risk of fractures with pioglitazone (226).

Based on the ACCORD Bone study, follow-up of female patients who had discontinued 

TZDs showed that fracture risk is reduced within 1–2 years of discontinuation (227). The 

increased fracture risk observed in patients with T2D treated with TZDs is likely 

multifactorial, and both the deleterious effects of diabetes on bone in combination with the 

exposure to a TZD contribute towards this increased risk. Although several studies have 

shown the negative effects of TZDs on bone even in healthy populations without diabetes 

(228) and in those with prediabetes (229), a study designed to treat women with impaired 

fasting glucose or impaired glucose tolerance testing with pioglitazone for 12 months 

showed that women treated with TZDs were found to have similar BMD and bone markers 

as the control group (230). This finding supports that pioglitazone alone might not be 

sufficient to cause bone loss, although BMD change, by itself, may not be an adequate 

marker for fracture risk in this population.
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Conclusion: Review of the published clinical trials that have assessed TZDs and risk of 

fracture supports the concern that this class of medications, and especially rosiglitazone, is 

associated with a significantly higher risk of bone fracture compared to other available 

hypoglycemic agents. However, data indicate that pioglitazone may have fewer adverse 

effects on bone metabolism compared to rosiglitazone, and recent preclinical data suggest 

that lobeglitazone may avoid some of the TZD-associated skeletal concerns, although 

fracture data and long-term skeletal effects with lobeglitazone are still unavailable. Although 

achievement of glycemic control might be similar with TZDs as with other hypoglycemic 

agents, caution has been recommended in prescribing TZDs in populations at high risk for 

fracture (184), and specifically older women with T2D or other predisposing factors for 

osteoporosis.

Insulin Secretagogues

4. Sulfonylureas

Mechanism of Action: Glucose is the major trigger of insulin secretion in the pancreatic β-

cell. The increase in glucose concentration is sensed by glucokinase (GCK), which initiates 

the glycolysis pathway, pyruvate synthesis and tricarboxylic acid (TCA) cycle reactions, 

finally resulting in ATP production. The increase in intracellular [ATP]/[ADP] ratio triggers, 

consecutively, closure of the ATP-sensitive potassium channels (KATP channels), membrane 

depolarization, opening of voltage-gated Ca2+ channels, and ultimately Ca2+-mediated 

activation of insulin exocytosis (231). KATP channels are hetero-octameric complexes 

composed of 2 tetrameric subunits: a SUR regulatory transmembrane subunit and a Kir6.x 
pore-forming subunit, which also contains an ATP-binding site for channel inhibition (232). 

Sulfonylureas (SUs) and meglitinides (glinides; GLDs) are oral hypoglycemic agents which 

bind to the regulatory SUR1 subunit of the β-cell KATP channel, resulting in channel 

closure, membrane depolarization and insulin release (233). Tolbutamide and gliclazide (a 

first and a second generation SU, respectively) block, specifically, KATP channels 

containing SUR1 subunits (present in the β-cell membrane) whereas glibenclamide and 

glimepiride (a second and a third generation SU respectively), along with repaglinide (GLD) 

block KATP channels containing both SUR1 and SUR2 subunits (cardiac, skeletal and 

smooth muscle) with different potencies (233, 234). The different affinities of SUs for 

different tissues at therapeutic doses relate to the differences in the adverse effects of these 

drugs in a specific tissue, e.g. the cardiovascular risk. Furthermore, variations in the 

composition of both SUR and Kir6.x subunits explain the differences between the 

electrophysiological and pharmacological properties of the KATP channels in different 

tissues. These variations in subunits are also observed in bone cells. For instance, human 

undifferentiated mesenchymal stem cells (MSC), the precursors of mesodermal cell types 

(i.e. osteoblasts, adipocytes, chondrocytes) express KATP channels containing Kir6.1, 

Kir6.2 and SUR2A subunits (235). However, upon osteogenic differentiation, Kir6.2 subunit 

expression increases significantly at both the mRNA and protein level, while no changes are 

observed in the other subunits (235). KATP channels have been identified in adult bone 

cells, including: primary rat osteoblasts (236); human periodontal ligament cells (237); as 

well as in human osteoblasts-like MG-63 cells (238), suggesting that SUs may have direct 

effects on bone cell physiology.
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Skeletal effects: In vitro: KATP channels appear to have different sensitivities to channel 

blockers such as SUs: they can be responsive to glipizide or glibenclamide, as was described 

in the MG-63 osteoblast cell line (238), or insensitive to glibenclamide (but sensitive to 

ATP) as shown in human primary periodontal ligament cells (237). This might be due to 

different SUR subunits assembling to various Kir6.x subunits in a tissue-specific manner, 

resulting in different types of KATP channels. In primary osteoblasts, inhibition of KATP 

channels with glibenclamide showed no effect on osteogenic gene expression (238).

Hyperglycemia has been shown to suppress the PI3K/Akt/eNOS pathway in rat osteoblasts, 

and therefore interfere with osteoblast transcription factors, such as RUNX2, critical for 

their differentiation and proliferation (239–241). In addition, hyperglycemia-induced 

Reactive Oxygen Species (ROS) formation contributes to adipogenesis and inhibition of 

PI3K/Akt-mediated osteogenic differentiation (242). In rat osteoblasts, glimepiride activates 

the PI3K/Akt pathway (239, 240, 243) inducing the proliferation and differentiation of these 

cells in vitro. In other studies, glimepiride (10μM) induced the tyrosine phosphorylation of 

IRS1/2, accumulation of activated PI3K and Akt phosphorylated at Ser 473, and enhanced 

both total eNOS and eNOS phorphorylated at Ser 1177, a downstream regulator of the 

PI3K/Akt pathway and a cell survival signal (243). The eNOS activation by glimepiride (but 

not glibenclamide) was also described in human endothelial cells (244) and a role for eNOS 

in the regulation of bone development and metabolism has also been suggested by Saura et 
al. (245). In the context of diabetic bone disease, glimepiride reverses the inhibitory effect of 

high glucose on the PI3K/Akt/eNOS pathway, enhancing the expression of RUNX2, 

osteocalcin and alkaline phosphatase mRNA and significantly increasing the differentiation 

capability of osteoblasts. Glimepiride was also reported to enhance bone formation by 

osteoblasts in a high glucose (16.5mM) microenvironment (239, 240).

Recently, it was reported that the activation of the NLRP3 inflammasome in human MSCs, a 

major pathway involved in β-cell failure and multiple complications of T2D, also impairs 

osteogenic differentiation and promotes adipocyte differentiation (246). Therefore, new SU 

molecules have been designed to target both the KATP channels and NLRP3 activation 

(247), opening the way for a new generation of sulfonylureas that could act on both the 

pancreatic β-cell and on bone.

Skeletal effects: In vivo: In vitro data indicate a potential beneficial role for SUs in bone 

metabolism; however, only limited data exist on the impact of this class of drugs on bone 

health in animal models. Experiments in ovariectomized rats have demonstrated that 

glimepiride (given once daily, for 28 days) inhibited the changes in BMD and bone 

remodeling caused by estrogen deficiency; this beneficial effect was also observed in non-

ovariectomized rats, albeit to a lesser extent (248). Therefore it was suggested that 

glimepiride may reduce the development of osteoporosis in post-menopausal women.

Skeletal effects: Clinical investigation and fracture risk: The sulfonylureas (SUs) have 

been widely prescribed since 1950 and 3 generations of compounds have emerged since 

then, for use as monotherapy or in association with other anti-diabetic drugs, such as 

metformin or insulin. Most of the primary outcomes of the pioneering clinical trials for these 

molecules were focused on cardiovascular or all-cause mortality, hypoglycemic events or 
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reduction of HbA1c, compared with other hypoglycemic agents (i.e., metformin, TZDs). 

Most initial studies were not designed to evaluate their impact on the risk of falls and 

subsequent bone fracture (249–251). However, regarding bone integrity, one recent very 

small (n=61 patients) prospective sub-study (LEAD-3) comparing liraglutide [1.8 (n=20) or 

1.2 (n=23) mg/day) with the SU glimepiride (n=18; 8 mg/day), each as monotherapy, 

demonstrated that total BMD remained stable from baseline following 52 or 104 weeks of 

treatment with either of these medications (252).

The risk of fracture from SUs has, to date, predominately been associated with the risk of 

falls due to hypoglycemia (253–256) with SU therapy, and not to a direct effect of the drugs 

on bone remodeling (bone turnover markers) or integrity (i.e., BMD) (252, 257). Because 

SUs increase both first and second phase insulin release by β-cells (in a glycaemia-

independent manner), hypoglycemia is a known risk factor of the SUs. This side-effect, 

although rarely occurring as ‘symptomatic’ (258), is more likely to appear at the beginning 

of treatment, mainly with the long-acting SUs (glyburide, glibenclamide) rather than with 

the short-acting medications (gliclazide, glipizide, tolbutamide), at higher doses, after 

exercise or a missed meal, and in patients with a higher risk for hypoglycemia (259–261). A 

4 year head-to-head study [EMPA-REG H2H-SU], conducted in T2D patients inadequately 

controlled on metformin alone (baseline HbA1c 7–10%), looked specifically at the 

relationship between hypoglycemia and fracture risk, comparing the SGLT2 inhibitor 

empagliflozin (25mg) vs. glimepiride (1–4mg), as add-on to metformin. Hypoglycemic 

events occurred in 28% of patients on glimepiride vs. only 3% on empagliflozin (262); 

however, bone fracture occurrence was similar across the groups (4.1% in empagliflozin 

group; 4.2% in glimepiride group) (263). In the ACCORD BONE study, intensive glycemic 

control with any SU was not associated with a higher risk of falls or fracture, in spite of 

more hypoglycemic episodes (264). Thus, a direct relationship amongst SU use, 

hypoglycemia, falls, and fractures has yet to be fully established.

Subpopulation-based cohort studies are inconsistent regarding the use of SUs and the risk of 

fracture. For instance, commercial health data providing ~4 year follow-up of persons 

treated with SUs (>13,000 patients, compared to age-matched non-users) demonstrated an 

increased risk of hip fracture (aOR 1.46, 95% CI 1.17–1.82), in both elderly men and 

women (>65 years old) (256). The risk of major osteoporotic fractures, including hip, spine, 

proximal humerus and distal radius, was also increased in a relatively young population with 

T2D (median age 52 years) receiving SU treatment over ~ 2.2 years of follow-up (265). In 

contrast, Vestergaard et al (91) reported a decreased risk of hip fractures in SU-treated 

Danish patients, while concomitant use of metformin and SUs was associated with 

decreased risk of any fracture (91). However, this study included a large number of subjects 

of variable age (43±27 years), with both T1D and T2D, and without adjustments for BMI or 

metabolic parameters. Exposure to SU use was also associated with decreased risk of 

vertebral fractures in postmenopausal Japanese women with T2D (90) but not with hip 

fracture incidence in a large cohort of Scottish population (155).

In other investigations, the skeletal effects of SUs have been compared to other anti-diabetic 

drug classes. The long-term clinical trial ADOPT was designed to compare the effects of 

rosiglitazone, glyburide, and metformin on glycemic control in patients with T2D. The study 
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confirmed that the TZD, rosiglitazone, produced more durable glycemic control than 

metformin or glyburide (measured by FPG and Hb1Ac), but also was associated with a 

doubling (9.3% of patients) of fracture occurrence in pre- and postmenopausal women even 

after only one year of therapy (40), compared to fracture occurrence with metformin and 

glyburide (5.1% and 3.5% of patients, respectively). The negative impact of rosiglitazone on 

bone in women was associated with increased bone resorption and osteoclast activity (CTX 

marker) (167); however, this circulating bone biomarker was significantly reduced by 

glyburide and metformin. Glyburide had the smallest effect on markers of osteoblast activity 

[P1NP and bone alkaline phosphatase (BAP)], in both women and men. Another randomized 

controlled trial, designed to compare the effects of one year treatment with gliclazide 

[modified release (MR); 73.3±25.7 mg] to a DPP-4 inhibitor (vidagliptin, 100 mg) on bone 

metabolism in 42 postmenopausal women with uncontrolled T2D, found no impact of the 

SU on bone formation (PINP, osteocalcin) or resorption (CTX, U-NTX) markers compared 

to baseline (257); in addition, gliclazide MR use did not affect lumbar spine, femoral neck or 

total hip BMD. Finally, a nested case-control study, examining any association between 

antidiabetic treatments (alone or in combination) in a “real-world” setting, demonstrated that 

the use of a SU combined with metformin modestly increased fracture risk compared to 

metformin alone; however, the causality for SU could not be established (89).

Conclusion: In vitro data suggest that SUs might directly impact bone in vivo. However, 

little preclinical data exists to explore this possibility. Overall, clinical studies of SUs in the 

setting of diabetes do not definitively establish this class of drugs as being harmful, or 

beneficial, in relationship to fracture risk. As monotherapy, SUs may have a neutral, if not 

beneficial, effect on bone health in patients with T2D. None-the-less, SUs have been 

associated with an increased risk of hypoglycemia, and related falls; coincidentally, they 

may predispose to fractures in specific populations. Consequently, for specific populations at 

higher risk for falls and/or fractures, such as the elderly and postmenopausal women, these 

pre-existing conditions are relevant when SU therapy is being considered for the 

management of T2D.

5. Meglitinides (Glinides)

Mechanism of Action: Glinides, including repaglinide and nateglinide, are a class of oral, 

meal-based medications intended for the control of post-prandial hyperglycemia. They 

stimulate insulin exocytosis by closure of the KATP channels of pancreatic β-cells, a 

mechanism of action they share with the SUs. Nateglinide binds the A-site on SUR1 subunit 

while repaglinide binds the B-site on both SUR1 and SUR2 subunits (234). In addition, 

glinides trigger intracellular Ca2+ release from the endoplasmic reticulum via ryanodine 

receptor activation, contributing to the enhancement of insulin secretion independently of 

KATP channel activity (266). However, long-term exposure to glinides (as well as to SUs) 

accelerates KATP channel dysfunction and pancreatic β-cell apoptosis and failure 

(‘secondary failure’) over time (267).

The glinides are rapid-onset and short-acting (T1/2 ~1 hour) insulinotropic drugs. They are 

prescribed in patients with significant post-prandial hyperglycemia (and are administered 

prior to meals), acting faster and with shorter duration than SUs and displaying less 
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propensity to elicit hypoglycemia (nateglinide < repaglinide) than SUs (268), except in 

patients with advanced chronic kidney disease, and in association with insulin (269) or in 

combination with TZDs (270).

Skeletal effects: In vitro: We have not identified any published information on the in vitro 
skeletal effects of the meglitinide class of anti-diabetic medications.

Skeletal effects: In vivo: The effects of repaglinide on fertility, on embryo- and fetogenesis 

and on peri- and postnatal development in rats were studied by Viertel et al (271). This study 

revealed skeletal changes in the extremities of the offspring when dams were exposed to 

repaglinide (30 and 80 mg/kg) during late pregnancy and/or lactation; these alterations 

included deformities of the scapula, of the proximal humeral epiphysis, and of the femur 

(271). However, these skeletal alterations appeared at very high plasma concentrations, 

outside of the concentration range reached with the human therapeutic dose.

Skeletal effects: Clinical investigation and fracture risk: By retrospective analysis of T2D 

patients in the Taiwanese National Health Insurance Claims Database from 2000–2010, an 

examination of bone fractures by medication category demonstrated that repaglinide (but not 

nateglinide), particularly when used in combination with TZDs, was shown to increase the 

risk of bone fracture, particularly in older female T2D patients between 65 and 74 years of 

age (aOR 1.83; 95% CI 1.19–2.79; adjusted for ESRD, stroke, osteoporosis) (272). Two 

other studies using repaglinide/troglitazone, specifically (273) or nateglinide/troglitazone, 

specifically (270) as combination therapy demonstrated better reduction in HbA1c in the 

combination groups compared to mono-therapy for both glinides. No bone fractures were 

reported as adverse events in these studies; however, treatment duration for these trials was ≤ 

22 weeks.

Conclusion: Little scientific evidence is available regarding the effects of glinides on bone. 

Glinides seem to have a neutral effect on bone health, with low hypoglycemia and fracture 

risk, excepting repaglinide in combinations with TZDs, mostly in female patients over 65 

years old. In addition, repaglinide can induce skeletal muscle atrophy and sarcopenia, as 

negative prognostic factors in the treatment of the diabetic aged-population (274).

Incretins

6. DPP4 Inhibitors

Mechanism of Action: Dipeptidyl peptidase-4 (DPP-4) is a peptidase that removes 2 amino 

acids (His-Ala) from the active glucagon-like peptide 1 [GLP-1 (7–37)] resulting in its bio-

inactivation. The use of DPP-4 inhibitors, therefore, increases GLP-1 half-life and is an 

effective way to increase the endogenous effects of GLP-1 to enhance glucose-stimulated 

insulin secretion and to suppress glucagon secretion. Similarly, DPP-4 inhibitors enhance 

and promote the effects of glucose‐dependent insulinotropic polypeptide (GIP), which also 

stimulates insulin secretion.

Current FDA-approved DPP-4 inhibitor medications include Sitagliptin (the first DPP-4 

inhibitor to be approved for therapeutic use in T2D, approved in 2006), Saxagliptin (2009), 
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Linagliptin (2011) and Alogliptin (2013). Vildagliptin, a newer DPP-4 inhibitor marketed in 

the European Union, has been shown to increase the ability of both α and β cells to sense 

and respond to glucose and induce peripheral insulin sensitivity (275). DPP-4 inhibitors are 

effective and well tolerated when used as monotherapy, although when used in combination 

with other oral antidiabetic agents, such as metformin and sulfonylureas, their efficacy is 

improved (275, 276). Their mechanism of action on bone is still largely undiscovered but 

due to their effect on prolonging endogenous GLP-1 and GIP action, improved glucose 

tolerance and enhanced GLP-1 and GIP action on bone are two of the proposed mechanisms 

(277). GLP-1 has been shown to affect bone metabolism, specifically by promoting 

osteoblast proliferation and inhibiting osteoblast apoptosis in murine osteoblasts (278). 

GLP-1 has also been found to have indirect effects on inhibiting bone resorption by 

upregulation of calcitonin in mice (279). GIP has been shown to promote bone formation, 

partly through its direct action on osteoblasts where it improves collagen maturity (280) but 

also by inhibiting osteoblast apoptosis and by affecting calcium deposition in bone (281). 

Furthermore, GIP has been shown to inhibit the activity of mature osteoclasts (282). 

Moreover, a safety announcement by the US FDA was published regarding arthralgia 

reported with the use of DPP-4 inhibitors, introducing a potential musculoskeletal 

complication of mobility-limiting joint pain with these medications (283–285).

Skeletal effects: In vitro: A DPP-4 inhibitor, MK-0626, was shown to have no effect on 

osteoblast differentiation (286). Saxagliptin has been shown to inhibit Runx2 and Ocn 
expression, as well as type-1 collagen production and mineralization, in bone marrow 

stromal cells from rats and in the MC3T3E1 cell-line (287). Sitagliptin reduced osteoclast-

specific markers in murine macrophages and suppressed RANKL-mediated 

osteoclastogenesis (288).

Skeletal effects: In vivo: Animal studies comparing the effects of sitagliptin to a TZD have 

shown a protective or neutral effect of sitagliptin on the skeleton (202, 289, 290). Ambrosi et 
al reported that sitagliptin promotes bone healing by reducing adipocyte accumulation in the 

bone marrow (291). An attenuation of bone loss in diabetic rats along with lower CTX levels 

was also shown with sitagliptin treatment (290). Interestingly, pharmacologic reduction in 

DPP-4 showed an improvement in the bone phenotype of mice, whereas genetically induced 

reduction of DPP-4 (DPP-4 knockout mice) was not associated with such changes (289). 

Vildagliptin was also found to have beneficial effects on BMD and bone microacrchitecture 

(292) and has even been shown to restore bone changes induced by pioglitazone treatment in 

a type 2 diabetes animal model (293). Another DPP-4 inhibitor, MK-0626 had neutral 

effects on bone in a type 2 diabetes mouse model (286). Saxaglitpin, on the other hand, 

when administered to rats had a negative effect on osteoblast number and metaphyseal 

trabecular bone osteocytic density (287).

Skeletal effects: Clinical investigation and fracture risk: DPP-4 inhibitors have been 

mostly associated with either beneficial or neutral effects on the bone health of patients with 

diabetes (294, 295). A clinical trial involving patients with T2D did not show any changes in 

bone biomarkers after treatment with vildagliptin (296), whereas another trial reported lower 

alkaline phosphatase levels and urinary deoxypyridinoline, a urine marker of bone 
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resorption, in diabetic women treated with sitagliptin (170). Among 1536 participants of the 

Cardiovascular Health Study, a longitudinal study of community-based elderly adults, 

wherein approximately 10% of participants had a diagnosis of diabetes, DPP-4 plasma 

activity was not associated with individual BMD or with incident hip fractures (297). 

Vildagliptin had no effects on bone markers or BMD over a 12 month period of therapy in 

post-menopausal women with T2D (257), although effects on fracture risk were not an 

endpoint of this study.

Sitagliptin has not been associated with an increased risk of fracture based on published 

studies (265, 298) and a meta-analysis that included 27 trials evaluating sitagliptin use (299); 

however, a recent cohort study with 1578 participants concluded that sitagliptin use for 

longer than 250 days was associated with increased risk for fracture (aHR: 1.32) (300). The 

reason for these conflicting findings regarding sitagliptin therapy is unclear, but differences 

in compliance and duration of therapy, age, and glycemic control of subjects between these 

studies could account for some of the discrepancies.

Additionally, saxagliptin (as monotherapy or add-on therapy), in recent data from pooled 

analysis of 20 randomized control studies demonstrated a higher incidence of fracture with 

saxagliptin (301), a risk which was not, however, reported in the SAVOR-TIMI trial 

(Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-

Thrombolysis in Myocardial Infarction (302).

In support of a neutral effect of the DPP-4 inhibitors, two large meta-analyses, which 

included 51 and 62 clinical trials, reported no association between DPP-4 inhibitors and 

fractures in people with T2D (299, 303); this was followed by a recent cohort study 

confirming that there was no difference in fracture risk, compared to insulin or sulfonylurea 

amongst new users of DPP-4 inhibitors (304). Furthermore, Driessen et al evaluated long 

term use of DPP-4 inhibitors, and also concluded that there is no association between risk of 

fracture and DPP-4 use (305).

Conversely, a study in Germany showed a decrease in the risk of bone fracture with DPP-4 

inhibitors plus metformin, when compared to metformin monotherapy (306) and a meta-

analysis reported a beneficial reduction in risk of fractures with DPP-4 inhibitors compared 

to control or other treatments for type 2 diabetes (307); this reduction in fracture risk was 

specifically associated with alogliptin use when compared to control, linagliptin or 

saxagliptin in another meta-analysis (308). Finally, using a South Korean nationwide 

medical claims database for analysis of fracture risk by diabetes drug class, the combination 

of a DPP4 inhibitor, added to metformin had the lowest rate of fracture, compared with 

metformin alone vs. sulfonylurea alone vs. alpha-glucosidase inhibitor vs. metformin + 

sulfonylurea vs. metformin + TZD, and vs. sulfonylurea + TZD (309). These reported 

beneficial effects of DPP-4 inhibitors on bone, compared to those listed above showing no 

difference in fracture risk, could be attributed to small sample size of studies included in 

meta-analyses, a failure to fully identify incident fractures, or to concurrent use of other anti-

hyperglycemic medications (i.e., metformin) that can independently affect risk for fracture 

by the majority of the participants.
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Conclusion: DPP-4 inhibitors have been reported to have neutral or beneficial effects on 

bone by the majority of studies and have not been associated with increased risk of fracture, 

with the exception of sitagliptin and saxagliptin, for which contradictory clinical studies 

exist. Sitagliptin has been associated with greater therapeutic potential in bone metabolism 

compared to saxagliptin, based on pre-clinical data as it has been shown to promote bone 

formation, bone healing and suppress osteoclastogenesis in animal models (277). Clinical 

studies have shown that sitagliptin positively affects markers of bone turnover (170), but has 

a neutral or potentially harmful effect on fracture risk. On the other hand, saxagliptin has 

been shown to have negative effects on bone in both pre-clinical and clinical studies (277). 

Further prospective studies, designed specifically to evaluate fracture risk, are necessary to 

demonstrate the musculoskeletal safety of these drugs in persons with diabetes. Concerns 

regarding the risk for arthralgia with DPP-4 inhibitors should be taken into consideration 

when evaluating their effect on the musculoskeletal system and the underlying mechanisms 

and risk factors should also be evaluated in future studies.

7. GLP-1R agonists

Mechanism of Action: Incretin hormones have the ability to enhance insulin secretion in 

response to nutrient intake. GLP-1 receptor agonists slow down gastric emptying, suppress 

glucagon secretion and enhance glucose-induced insulin secretion. Glucagon-like peptide 1 

Receptor agonists (GLP-1R agonists; or incretin mimetics) are widely used for the treatment 

of T2D and include exenatide (a synthetic form of exendin-4, which is found in the saliva of 

the Gila monster, Heloderma suspectum), liraglutide, lixisenatide, albiglutide, dulaglutide 

and semaglutide. Exenatide is 50% homologous to GLP-1; it exhibits a longer half-life (t½ = 

2.4 hours) than GLP-1 due to a difference in the second amino acid, which makes it resistant 

to degradation by DPP-4, without losing its biologic activity (275). Exenatide was approved 

by the US FDA in April of 2005 for treatment of T2D. Liraglutide is another GLP-1R 

agonist with delayed kidney clearance and considerably longer half-life compared to GLP-1 

(t½ = 11–13 hours) that has been approved for use in T2D. GLP-1 treatment has been 

associated with anabolic action on bone (294), and particularly, with increases in bone mass, 

improvement in the trabecular and cortical bone architecture, and enhancement of bone 

strength and is considered one of the most promising therapies for treating diabetes-

associated bone disease (310). Although there are number of studies evaluating the potential 

effects of exenatide and liraglutide on the skeleton, there is very little data on the skeletal 

effects of the other GLP-1 agonists.

Skeletal effects: In vitro: GLP-1 receptors have been found on both human (311) and 

murine osteoblasts (312–314), suggesting a role for GLP-1 in bone formation. GLP-1 is 

considered to promote bone anabolism by stimulating osteoblast differentiation (315); 

activation of the GLP-1R by exendin-4 promotes the osteogenic differentiation of bone 

marrow stromal cells (316). In vitro studies have demonstrated that GLP-1 analogues lead to 

an increase of RUNX2 (317), alkaline phosphatase (317), collagen-1 (317) and osteocalcin 

expression in MC3T3 cells (278, 317) and most studies support that they promote 

proliferation and differentiation of these cells (317, 318). Liraglutide has also been shown to 

inhibit apoptosis of murine osteoblasts (319). A reduction in sclerostin in murine osteocytes 

and in diabetic rats treated with exendin-4 (312) suggests that an interaction between this 
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class of medications and the Wnt signaling pathway might be responsible for the bone 

promoting effects of GLP-1R agonists, a finding that has been suggested by other 

investigators (320). However, it is unclear whether the mechanism of action of GLP-1R 

agonists in murine bone is direct, or indirect, involving inhibition of bone resorption by 

calcitonin (279). The effects of GLP-1 on calcitonin secretion appear to be prominent in 

rodents as the concentration of the GLP-1R is higher in thyroid C cells from rodents 

compared to thyroid C cells from humans. In fact, human C cells have been shown to be less 

responsive to GLP-1-mediated calcitonin release (321).

Skeletal effects: In vivo: GLP-1R agonists have been shown to have anabolic effects on 

bone in animal models of T2D (322), T1D (323) and ovariectomized animal models without 

diabetes (324–326). Induction of RUNX2, alkaline phosphatase and collagen 1 expression as 

well as increased P1NP, alkaline phosphatase and osteocalcin serum levels (indicative of 

bone formation) have been reported with treatment with a GLP-1R agonist in 

ovariectomized rats (324). Both exenatide and liraglutide are associated with increases in 

bone mass, in both trabecular (313, 324–326) and cortical bone (325, 326). Additionally, 

CTX levels have been shown to decrease with GLP-1 analogue treatment in aged 

ovariectomized rats (324) and osteoclast number and surface area are increased in 

ovariectomized mice (313). Furthermore, GLP-1R knockout mice are characterized by 

reduced bone mass, with increased osteoclast numbers and bone resorption (279), whereas 

treatment of unloading-induced bone loss in rats with exendin-4 increases bone mass and 

bone quality (316) indicating a regulatory role of GLP-1 in bone resorption. Taken together, 

these findings support an overall beneficial impact of GLP-1R agonists on bone quality and 

microarchitecture.

Skeletal effects: Clinical investigation and fracture risk: There is no evidence currently to 

suggest that GLP-1R agonists are associated with increased fracture risk (183, 185, 294). 

Instead, similar to DPP-4 inhibitors, these agents are viewed as having beneficial or neutral 

effects on the skeleton of patients with diabetes.

Some data on bone biomarkers and/or BMD is available, although these findings would not 

directly predict fracture risk. Specifically, a recent, two-center, randomized, parallel-group 

clinical trial compared the effects of exenatide on BMD and bone turnover markers to 

insulin or pioglitazone treatment (n=62 newly diagnosed T2D patients) and did not find any 

improvement in either BMD or bone biomarkers after 24 weeks of treatment despite 

improvements in glycemic control (216). Similarly, exenatide did not affect BMD despite 

significant weight loss in a group of T2D patients, nor did it change alkaline phosphatase 

levels (327). Another study looking at the effects of liraglutide monotherapy (1.8 mg/day or 

1.2 mg/day) compared with glimepiride (8 mg/day) on BMD of patients with T2D did not 

detect any differences in BMD change from baseline across treatment groups over 2 years of 

treatment (252). In comparison, liraglutide was shown to increase the bone formation marker 

P1NP, but in a group of weight-reduced obese, otherwise healthy (non-diabetic) women, 

while not affecting the bone resorption marker CTX-1 (328).

With respect to fracture risk, an early meta-analysis did not report an increased or decreased 

risk of fractures with GLP-1R agonists (329). This was followed by a meta-analysis 
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involving 14 randomized control trials that also did not provide any evidence of an effect on 

fracture risk (330). Liraglutide has been associated with decreased fracture risk (330) 

whereas exenatide with increased risk (330). This contrasts the findings by Zhang et al, who 

performed a meta-analysis including 57 clinical trials involving 49,602 participants of whom 

28,353 were treated with exenatide, liraglutide, semaglutide, dulaglutide, albiglutide or 

lixisenatide (331). Comparators included GLP-1R agonists, other hypoglycemic drugs, or 

placebo. The authors concluded that exenatide was associated with a significantly lower risk 

for fracture compared to placebo and that other GLP-1R agonists showed a higher, but non-

significant risk for fracture compared to exenatide and lower, but non-significant risk 

compared to placebo. Exenatide had higher probability of being the safest GLP-1R agonist 

with regard to the risk of fracture, followed by dulaglutide, liraglutide, albiglutide, 

lixisenatide, and semaglutide (331). Other studies have not found an association between 

GLP-1R agonists and fracture risk (332–334). These contradictory findings could be related 

to the difference in the number of trials included in the meta-analyses, different doses and 

duration of therapy with GLP-1R agonists and different analyses used to report comparisons 

between GLP-1R agonists. Additionally, recent studies have reported differences in the 

effects on the gastrointestinal and cardiovascular system with use of short-acting and long-

acting GLP-1R agonists (335). Differential effects with the use of short-acting versus long-

acting GLP-1R agonists on the musculoskeletal system could also be responsible for lack of 

consensus between studies.

Conclusion: Pre-clinical studies suggest that GLP-1R agonists are beneficial for the 

skeleton due to direct and indirect effects on bone. On the other hand, clinical studies have 

shown a neutral or weakly positive effect of exenatide and liraglutide on the human skeleton, 

making this category of medications an attractive therapy for patients with T2D. Due to the 

relatively short duration since the approval of this class of medications for use in patients 

with diabetes, additional studies are needed to identify any potential risks on bone fragility, 

including studies on lixisenatide, albiglutide, dulaglutide and semaglutide.

Glucosurics

8. SGLT2 Inhibitors

Mechanism of Action: Selective sodium-dependent glucose co-transporter 2 inhibitors 

(SGLT2Is) are one of the newest anti-hyperglycemic drug agents, with canagliflozin, 

dapagliflozin, empagliflozin and ertugliflozin currently FDA approved in the US. They exert 

glucose lowering effects by inhibiting renal glucose reabsorption and promoting glucosuria. 

Specifically, this class of drugs (“gliflozins”) inhibits the renal co-transport (i.e., reuptake) of 

glucose and sodium (Na+) within the early proximal convoluted tubule, by blocking the 

SGLT2 co-transporter (336–340). In this way, enhanced glucose excretion leads to blood 

glucose lowering, through an insulin-independent mechanism. SGLT2Is are effective as 

monotherapy (341, 342), or as co-therapy, in combination with insulin (343, 344), or with a 

variety of oral hypoglycemic agents (345–348) in the treatment of T2D. Recent studies also 

suggest that SGLT2Is may be efficacious, as adjunct-to-insulin therapy, in the treatment of 

T1D (349, 350). In persons with T2D treated with SGLT2Is, net caloric loss attributable to 

glucosuria also contributes to a modest but beneficial weight loss (337, 339, 340). 

Additionally, cardiovascular risk reduction, including a reduction in cardiovascular death 
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and heart failure-related hospitalizations, has been documented in patients treated with 

empagliflozin and canagliflozin, increasing the appeal and utilization of this drug class in at-

risk individuals (351, 352). Overall, these medications are considered highly efficacious in 

lowering glucose, particularly in T2D patients with normal renal function (12).

In conjunction with blockade of renal glucose reuptake, blockade of Na+ reuptake from the 

tubular lumen also results, which can alternatively be reabsorbed via the Sodium/Phosphate 

co-transporter; theoretically, the resulting secondary increase in serum phosphate 

concentration could induce a compensatory physiological increase in both parathyroid 

hormone (PTH) and fibroblast growth factor 23 (FGF23), to induce phosphaturia and 

maintain normal serum phosphorus concentration. Chronic glucosuria augmented by 

SGLT2I therapy could also contribute to diabetic hypercalciuria via osmotic diuresis (353–

355). In total, blood glucose would decrease, but potentially accompanied by renal excretion 

of critical bone minerals. For this reason, both animal and human studies have investigated 

the possible impact of the “gliflozins” on skeletal heath. A comprehensive review of the 

effects of canagliflozin, specifically, on bone health in patients with T2D was published in 

2016 (356).

Skeletal effects: In vitro and in vivo: Very little data has been reported, either by in vitro or 

pre-clinical in vivo investigation, on the direct effects of SGLT2-inhibitor drugs on bone 

cells or skeletal tissues. However, this is consistent with prevailing mechanistic concerns that 

any SGLT2I impact on skeletal health should occur from systemic metabolic or mineral 

dysregulation or restoration, rather than through cytotoxic or beneficial drug effects at the 

cellular level. In fact, the expression of SGLT2 and SGLT1 has been examined in a variety 

of bone cell types, including mouse calvarial osteoblasts, C3H10T½ mesenchymal stem 

cells, and MC3T3–E1 cells at various stage of differentiation, in vitro differentiated 

macrophages, and pre-osteoclasts as well as mature osteoclasts from mouse bone marrow. 

SGLT2 expression was not detected in cells of either the osteoblast or osteoclast lineages; 

SGLT1 was detected in MC3T3–E1 differentiating osteoblasts, albeit at levels < 1% of that 

observed in the kidney, but not in any cells of osteoclast lineage (357). Studies using radio-

fluorinated labeling of dapagliflozin have also examined organ specific SGLT2-inhibitor 

binding in rat tissues and while skeletal binding was not assessed, no specific binding to 

skeletal muscle was observed (358). Similarly, mRNA expression of SGLT1 in muscle tissue 

of control and diabetic rats was found to be negligible (359). Taken together, these studies 

indicate that SGLT2-inhibitor drugs are unlikely to have a specific direct effect on 

musculoskeletal tissues at the cellular level.

When examined systemically, either pharmacologic or genetic inhibition of SGLT2 function 

appears to result in some disruption of bone mineral homeostasis in animal models. 

Theoretical mathematical modeling of Ca+ reabsorption in the renal proximal tubule 

predicts that SGLT2 blockade in the PT should contribute to hypercalciuria (360). Consistent 

with this concept, canagliflozin-treated diabetic mice (~10–20 mg/kg/day dose) exhibit 

persistently increased urine calcium excretion, along with increased serum FGF23 

concentration, and biomarker evidence of bone resorption, despite a significant improvement 

in glycemic control compared with their untreated diabetic counterparts (357, 361). 

Increased urinary calcium excretion has also been reported in rats exposed to a supra-
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physiological dose of canagliflozin (100 mg/kg/day) (362, 363), but this was jointly 

attributed to off-target effects, via SGLT1, to increase intestinal calcium absorption (362). 

The Sweet Pee mouse, however, which carries a nonsense mutation in the Slc5a2 gene 

resulting in genetic loss of SGLT2 protein function, also exhibits urinary calcium and 

magnesium wasting, along with growth retardation (364). In rats, again in toxicology 

studies, increases in serum phosphorus were also reported following supra-physiological 

exposure to empagliflozin (365).

Systemic effects of the SGLT2Is on bone mineral content have also been reported in animal 

models. Supra-physiological exposure to dapagliflozin at > 2000-fold MRHD resulted in 

trabecular bone accretion, and tissue mineralization, but again attributed to off-target effects 

to increase intestinal calcium absorption (366). In contrast, a 9-week study of the effects of 

ipragliflozin in the Goto-Kakizaki rat model of non-obese T2D found no change in bone 

mineral content compared with control mice although body fat mass was lowered by 

SGLT2I treatment (367).

Skeletal effects: Clinical investigation and fracture risk

Electrolyte vs. mineral abnormalities: Changes in serum electrolyte concentrations 

following SGLT2I exposure have been reported in a few publications, and a focused review 

of SGLT2I-induced electrolyte abnormalities, relative to cardiovascular health outcomes, has 

been published recently (368).

To more specifically evaluate serum bone mineral homeostasis, a single-blind, placebo-

controlled, cross-over study conducted in 25 hospitalized patients, examining short term 
exposure to canagliflozin (300 mg/day for 5 days), demonstrated increases in serum 

phosphorus (+16%), plasma FGF23 (+20%), and PTH (+25%), while decreasing 1,25 (OH)2 

vitamin D (−10%) (369). Moreover, FGF23 and phosphorus levels were correlated (369). 

These data confirm an acute physiological impact of drug exposure (i.e. increased serum 

phosphorus, triggering downstream changes in other hormones), although physiological 

compensation to these acute changes could occur over time. To address the longer-term 

impact of SGLT2Is on serum electrolyte or bone mineral homeostasis, retrospective pooled 

dataset analysis from clinical trials has been conducted. Pooled data from placebo-controlled 

randomized controlled trials (RCTs) involving canagliflozin (NCT01081834, 

NCT01106625, NCT01106677, NCT01106690, NCT01032629, NCT01064414, 

NCT01106651) demonstrated small percentage increases in serum magnesium and 

phosphate in canagliflozin-treated patients compared with placebo (370). The newest FDA-

approved SGLT2I, ertugliflozin, also appears to induce a small but significant increase in 

serum magnesium and phosphate concentrations, evident by 26 weeks of treatment and 

persistent at 52 weeks of treatment (371). Additional data provided by a meta-analysis of 

randomized controlled trials (including 18 RCTs with 15,309 patients, representing four 

SGLT2I drugs; canagliflozin, dapagliflozin, empagliflozin and ipragliflozin) found that all 

drugs significantly, but marginally, increased serum magnesium levels; additionally, 

magnesium changes with canagliflozin were dose-dependent (372). In this study, 

dapagliflozin alone increased serum phosphate concentrations, and none of these drugs 

significantly affected serum calcium (372). Consistent with the reported increase in serum 
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magnesium, a post-hoc analysis of 4 placebo-controlled RCTs (NCT01081834, 

NCT01106677, NCT01106625, NCT01106690) also found that hypomagnesemic T2D 

patients treated with canagliflozin experienced normalization of serum magnesium (373). In 

comparison, meta-analysis data specific to empagliflozin examining > 8500 T2D patients 

from 17 placebo-controlled Phase 1 to III trials plus 6 extension trials (study duration up to 

104 weeks) found no significant change in serum calcium, phosphate, magnesium, or PTH, 

perhaps suggesting drug-specific differences in ultimate skeletal impact (374). Never-the-

less, isolated case reports of severe mineral dysregulation (375) have prompted caution over 

the use of SGLT2I drugs in high-risk individuals. Taken together, clinical data generally 

confirm that SGLT2I medications are associated with small but reproducible increases in 

serum magnesium and phosphorus concentration, with the potential to induce pro-resorption 

secondary changes in PTH, and possibly FGF23, over time (368, 376).

Effects on BMD or bone turnover markers: The effects of SGLT2I exposure on changes in 

BMD or markers of bone turnover appear to differ between the various specific medications 

within this drug class. For example, in a multicenter, multinational, 26-week double-blind, 

placebo-controlled trial of canagliflozin in adults with T2D (which included a 78-week 

double-blind placebo-controlled extension), canagliflozin (100 mg vs. 300 mg daily) 

resulted in a small but significant decrease in total hip BMD at 104 weeks [−1.7% (100 mg) 

and −2.1% (300 mg) vs. −0.8% for placebo], but without BMD changes at the femoral neck, 

spine or radius (377). An increase in both osteocalcin, a marker of bone formation, and in 

CTX, a marker of bone resorption, suggested an increase in bone turnover, but attributed in 

part to treatment-related weight loss (377). Similarly, in a short duration, Phase 2b, 12 week, 

double-blind, study of canagliflozin (50 mg vs. 100 mg vs. 300 mg; once daily) given to 

overweight or obese subjects without diabetes (n=376 randomized), study participants 

achieved a 2.2–2.9% body weight reduction, again accompanied by a significant increase in 

CTX in the canagliflozin treatment groups. However, no change in bone formation markers 

(bone-specific alkaline phosphatase, osteocalcin, P1NP) or in urine N-telopeptides was 

observed. (378). In contrast, in adults with T2D inadequately controlled on metformin, 

dapagliflozin treatment (10 mg, once daily; NCT 00855166), whether analyzed at ~1 (379) 

or 2 years (337) of treatment, had no impact on bone biomarkers or on BMD. Also in 

patients with T2D, after 2 years of treatment empagliflozin exposure did not cause a 

significant change in alkaline phosphatase or urinary N-telopeptide compared with placebo 

(374, 380); and at 26 weeks of treatment ertugliflozin had no adverse effect on BMD (381).

Effects on Fracture: Early clinical investigation in T2D demonstrated a possible ~30% 

increase in bone fractures in patients receiving canagliflozin for a duration of 68 weeks 

(376); moreover, bone fractures were seen as early as 12 weeks after starting canagliflozin. 

Additionally, in patients with moderate renal impairment receiving dapagliflozin for 104 

weeks, 7.7% of subjects experienced a bone fracture, compared with no fractures in the 

placebo group (382). In contrast, by cumulative meta-analyses of randomized controlled 

trials, along with systematic literature review, several later publications have subsequently 

demonstrated that the incidence of skeletal fracture, compared with placebo, does not appear 

to be increased across the currently available SGLT2 inhibitor drugs when used for the 

treatment of T2D (383–385). However, it is also recognized that the duration of treatment, 
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and duration of patient follow-up for most of these studies remains relatively short for 

evaluating any treatment-emergent effect on skeletal integrity and strength. Additionally, 

possible differences between individual medications within this drug class have been 

identified. Therefore, a discussion of available drug-specific findings is also included.

Canagliflozin: The increased incidence of fractures among T2D patients treated with 

canagliflozin has been reiterated by subsequent reports (356, 386, 387), but statistical 

analysis indicates that these findings were predominantly driven by the increase in fracture 

occurrence in one particular study (CANVAS, NCT01032629) of the CANVAS program of 

cardiovascular safety (including CANVAS and CANVAS-R, NCT01989754), in which the 

patients were older, had a prior history of cardiovascular diseases, and a higher use of 

concomitant diuretic therapy at baseline (386). Among these at-risk subjects, fractures were 

most common in distal extremities, perhaps mediated by falls related to volume-depletion 

(386). Additionally, the CANVAS trials demonstrated a ~2-fold greater risk of amputation 

with canagliflozin treatment (hazard ratio, 1.97; 95% CI, 1.41–2.75), occurring at the toe, 

metatarsal or leg (388), and most concerning for those with a history of peripheral vascular 

disease or neuropathy. In contrast, among eight other non-CANVAS comparator studies, 

pooled data did not signal an increase in fracture occurrence among canagliflozin-treated 

participants (386).

Dapagliflozin: As noted above, a study by Kohan, et al (NCT00663260) initially identified 

an increased fracture incidence among adults with T2D and moderate renal impairment, 

treated with dapagliflozin (5 mg or 10 mg) for 104 weeks (382). Specifically, 7.7% of 

dapagliflozin-treated subjects versus 0% of placebo-treated subjects experienced a fracture. 

However, all fractures occurred after trauma. Additionally, a greater incidence of 

hyperphosphatemia and PTH elevation was present in these patients with renal impairment; 

and, higher rates of peripheral neuropathy and orthostatic hypotension also existed, possibly 

contributing to fall risk (382). Together, these findings indicated that while fracture risk was 

increased, findings were again likely to be specific to the at-risk patient population studied in 

that trial.

In comparison, a randomized, double-blind, placebo-controlled trial of dapagliflozin (10 mg) 

treatment added to metformin in 140 adults with T2D (NCT00855166) found no change in 

fracture incidence or in BMD by DXA, after 102 weeks of treatment (337, 379). Similarly, a 

study of dapagliflozin (5 mg vs. 10 mg) given as add-on to insulin in Japanese patients with 

T2D (DAISY) reported no increased incidence of fracture after 52 weeks of treatment; 

additionally dapagliflozin was insulin-sparing (389). A population-based, open cohort study, 

using the Health Improvement Network (THIN), comparing 4548 T2D patients on 

dapagliflozin with 18,070 patients matched for age, sex, BMI, and diabetes duration, all on 

other standard-of-care diabetes drugs, also detected no increase in the primary outcome of 

fragility fracture, and no increase in any treatment-emergent fracture, even among patient at 

high risk for fracture (390). These findings were consistent with earlier data from a pooled 

safety analysis of 12 placebo-controlled Phase 2b/3 studies comparing dapagliflozin with 

placebo (encompassing 3281 participants); 1) as monotherapy; 2) as add-on therapy to other 

drugs; or 3) added to metformin; which also found no increase in fracture occurrence (391) 

with dapagliflozin. Finally, very recent data from the DERIVE study (NCT02413398), 
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following up on the findings of study NCT00663260 by comparing dapagliflozin (10 mg, for 

24 weeks) versus placebo in patients with T2D and stage 3A chronic kidney disease reported 

no treatment emergent bone fractures or amputations in this population (392).

Empagliflozin: Pooled data from 15 phase 1–3 RCTs along with four extension trials, 

comparing Empagliflozin (10 or 25 mg) with placebo for the treatment of T2D, 

encompassing >4000 subjects per treatment group and > 15,000 combined patient-years of 

drug exposure, found no difference in the rates of fracture across treatment groups (374, 

380).

Ertugliflozin: As yet, there are no published reports specifically comparing fracture risk 

among patients with T2D exposed to ertugliflozin. The VERTIS MONO clinical trial 

(NCT01958671) evaluating ertugliflozin monotherapy over 52 weeks (5 mg vs. 15 mg vs. 

placebo) in adults with T2D inadequately controlled on diet/exercise alone reported the 

occurrence of two adjudicated, non-serious hand fractures, both in the ertugliflozin 15 mg 

dose group, although the overall incidence of drug-related adverse events was otherwise 

similar across the treatment groups (371). However, the VERTIS SITA2 study 

(NCT02036515) again examining the efficacy of ertugliflozin (5 mg vs. 15 mg vs. placebo) 

in patients with T2D, but added to metformin and sitagliptin, reported one instance of 

adjudication-confirmed fracture in each of the 3 treatment groups (393). Despite a lack of 

association between ertugliflozin and either fracture or amputation risk, prescribing 

information provided by Merck & Co., Inc. for ertugliflozin (www.merck.com/product/usa/

pi_circulars/s/steglatro/steglatro_pi.pdf) states that “Across seven Phase 3 clinical trials in 

the STEGLATRO® development program, non-traumatic lower limb amputations were 

reported in 1 (0.1%) patient in the comparator group, 3 (0.2%) patients in the STEGLATRO 

5 mg group, and 8 (0.5%) patients in the STEGLATRO 15 mg group”, raising some 

concerns.

Conclusion: Exposure to most SGLT2I medications is associated with small but 

reproducible increases in serum magnesium and phosphorus concentrations, with the 

potential to induce pro-resorption secondary changes in PTH and FGF 23 secretion over 

time. Following 2 years of canagliflozin exposure, specifically, an increase in biomarkers of 

bone turnover has been reported, associated with a ~2% decrease in total hip BMD; 

however, these changes occurred in the context of beneficial weight loss, potentially 

confounding the interpretation of this data. Moreover, a relationship between these changes 

and fracture risk cannot be stated. However, among certain at-risk groups of T2D patients, 

including those with renal failure, cardiovascular disease, peripheral vascular diseases or 

neuropathy, specific SGLT2I medications may be associated with an increased risk for 

fracture or lower limb amputation, prompting caution in the use of SGLT2I drugs when 

these co-morbidities exist.

Glucose Uptake Inhibitors

9. Alpha glucosidase Inhibitors

Mechanism of Action: Membrane-bound alpha-glucoside hydrolase enzymes function in 

the intestinal brush border to hydrolyze oligosaccharides, trisaccharides and disaccharides to 
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glucose and other monosaccharides. Alpha-glucosidase inhibitors (α-GI) are reversible, 

competitive inhibitors of this enzyme, found in polyphenol extracts from medicinal plants, 

and initially manufactured in the early-mid 1990’s as anti-diabetic pharmaceuticals. 

Physiological action of this drug class occurs by inhibiting the breakdown of these complex 

carbohydrates in the small intestine, thereby delaying glucose absorption from the gut, and 

mitigating the expected rise in blood glucose following a meal (394). These oral medications 

include acarbose (Precose®) and miglitol (Glyset®), currently FDA-approved in the US for 

treatment of adults with T2D. Because these drugs were considered of more modest efficacy 

for the treatment of T2D, their use has been less widespread and more recently intended as 

add-on therapy (11).

Skeletal effects: In vitro; In vivo; Clinical investigation and Fracture risk: The unique, 

non-insulinotropic mechanism of action of this drug class is to reduce blood glucose rise 

without stimulation of insulin synthesis (395). Despite a more than 20 year worldwide 

experience in the treatment of T2D, very little, if any, information is reported concerning 

specific effects of alpha-glucosidase inhibitors on skeletal health, beyond the generally 

anticipated beneficial impact of improved glucose control. To date, there are no reports of 

increased fracture risk or skeletal adverse events, either in early, extended-duration clinical 

trials (396–398), or in later post-marketing surveillance reports of α-GI drugs (399, 400). 

Moreover, when similar alpha-glucosidase inhibitory plant phenol extracts have been 

investigated in rodent models, we could not identify reports of skeletal toxicity or skeletal 

malformation in these preclinical studies (401). A more recent study utilizing the Goto-

Kakizaki (GK) rat model of T2D found that treatment with voglibose, one of the newest α-

GI drugs (approved for use in Asia), was insufficient to reverse the negative effects of 

diabetes on osteo-integration of dental implants (402). From this study, the authors inferred a 

detrimental effect of α-GI treatment on bone repair, although incomplete glycemic control 

could also account for their findings (402). Considering the longevity of this drug class, it is 

reasonable to assume that post-marketing surveillance would identify a serious 

musculoskeletal safety concern, although teasing out a class-specific contribution from these 

drugs could be difficult, considering that they are used less often and typically only in select 

multi-component therapy.

Conclusion: At present, there is little information available as to either the musculoskeletal 

benefit or harm from alpha glucosidase inhibitors.

Amylin Mimetics

10. Pramlintide

Mechanism of Action: Amylin (or islet amyloid polypeptide, IAPP) (403) is a pancreatic β-

cell hormone that is co-localized and co-secreted with insulin, in response to food intake; as 

such, it acts synergistically with insulin to regulate blood glucose. In parallel with β-cell 

insulin status, amylin deficiency is characteristic of T1D and later stage T2D, whereas 

amylin excess is characteristic of hyperinsulinemic states such as obesity, prediabetes and 

early onset T2D. Pramlintide, a stable synthetic amylin analog with pharmacologic 

properties similar to the native peptide, was manufactured by introducing proline 

substitutions at positions 25, 26 and 29 of the amylin molecule, creating a non-
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amyloidogenic analog. It was FDA approved in 2005, and is effective for adjuvant glucose-

lowering treatment of both T1D (404) and T2D (405, 406), so as to restore amylin 

sufficiency. As an amylin mimetic, its mechanism of action is intended to reproduce the 

primary physiological actions of amylin, specifically to delay gastric emptying, suppress 

nutrient-stimulated glucagon secretion from islet α-cells and, via neuroendocrine effects, to 

promote satiety.

Interestingly, amylin is evolutionarily related to members of the calcitonin gene peptide 

superfamily, which includes calcitonin (CT) and calcitonin-gene related peptide (CGRP)

(407). Amylin shares 20% amino acid sequence homology with CT, and mediates its effects 

through activation of amylin receptors (AMY1, AMY2, AMY3) which are comprised of the 

CT receptor coupled to 1 of 3 receptor activity-modifying proteins (RAMP1, RAMP2, 

RAMP3, respectively) which modify ligand affinity for the receptor. Similar to CT, amylin 

itself is a regulator of bone metabolism, although exhibiting a less potent inhibition of 

osteoclast activity. And, like amylin, pramlintide has been shown to activate not only the 

amylin receptors, but also the CT receptor, albeit with reduced potency (403, 408). 

Teleologically, the post-prandial co-secretion of amylin and insulin may, in fact, be 

coordinated so as to promote bone growth and mineral deposition, in concert with meal-

based nutrient absorption.

Skeletal effects: In vitro; In vivo; Clinical investigation and Fracture risk: Effects of the 

native amylin hormone on bone physiology have been investigated; in contrast, very little is 

known about the skeletal effects of the pharmaceutical analog, pramlintide. Therefore, 

musculoskeletal effects of this drug class in diabetes, for the most part, can only be inferred 

from the native protein.

The anabolic potential of amylin has been demonstrated both in vitro and in vivo. Amylin 

stimulates osteoblast proliferation in rodent osteoblasts (409, 410), and increases cell 

proliferation and osteocalcin production in human primary osteoblast cultures (411). In vivo, 

animal studies further confirm that either local administration or systemic administration of 

full length amylin protein, or of fragment octapeptide (AMY 1–8), results in augmentation 

of bone volume [increased trabecular bone volume (Tb.BV), trabecular number (Tb.N), 

trabecular thickness (Tb.Th)], bone length and cortical thickness (Ct.Th), promotes an 

increase in bone formation indices, and improves bone strength (412–416). Together, an 

overall increase in bone mass and linear bone growth results from amylin exposure.

At the same time, amylin inhibits osteoclastic bone resorption and/or lowers plasma calcium 

as demonstrated in mice, rats and rabbits (417, 418). In rats specifically, an amylin-induced 

decrease in osteoclast surface (OcS/BS) and erosion surface (ES/BS) has been illustrated by 

dynamic histomorphometry (415). In humans, similar to CT, amylin also exhibits both 

hypocalcemic and osteoclast inhibitory properties (419, 420), although at a much reduced 

potency. As would be consistent with these anti-resorption effects, mice with targeted 

deletion of the amylin gene exhibit low bone mass, attributable to chronically unrestricted 

bone resorption (421, 422). Additionally, daily amylin treatment has been shown to inhibit 

ovariectomy-induced trabecular bone loss in rats, again by inhibiting bone resorption (423).
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In preclinical investigation, somewhat conflicting results have been reported from studies 

examining the effects of amylin replacement on diabetic bone loss specifically. In 

streptozotocin (STZ)-induced diabetic Wistar rats (a model of T1D), 40 daily injections of 

amylin (1000 pmol/kg/day) resulted in improved bone strength and bone density to levels 

indistinguishable from nondiabetic control rats (424). Similarly, in a Wistar rat model of 

T2D, amylin treatment for only 3 days via continuous infusion (720 pmol/kg/day) resulted 

in an increase in osteoblast number and osteocalcin mRNA expression in long bones (415). 

However, in a study of STZ-induced diabetic Sprague-Dawley rats, 19 daily injections of 

amylin (45 ug/kg/day) did not rectify the low-turnover osteopenia which was characteristic 

of diabetic animals (425), but perhaps due to the supra-physiological, 1000-fold difference 

in treatment dose used in this study.

Altogether, the combination of generally pro-osteogenic and anti-resorptive effects of amylin 

infers that pramlintide might be similarly advantageous in diabetic bone disease. However, 

only one study has directly examined the skeletal effects of pramlintide therapy in humans. 

In a study of 23 non-osteoporotic T1D patients (mean age ~45 years; mean duration of T1D 

~21 years), 12 months of treatment with pramlintide, as 4 injections per day, did not impart a 

significant change in BMD, or in bone biomarkers (calcium, PTH, osteocalcin, pyridinium 

cross-links) after 1 year (426). However, because these subjects were not osteoporotic at 

baseline, the implication of these findings may be limited; moreover, they do not provide any 

evidence of the impact of pramlintide on fracture risk, specifically.

Conclusion: At present, there is little information available as to either the musculoskeletal 

benefit or harm from amylin mimetics.

DRUGS AND MUSCLE

Overview

Diabetes mellitus is associated with muscle loss and atrophy, particularly in older 

individuals where age-related sarcopenia is also often observed (274, 427–431). Rodent 

models of type 1 diabetes and some rodent models of type 2 diabetes (db/db mice) are 

characterized by muscle atrophy and impaired muscle function (432). Muscle atrophy, 

weakness and functional impairment have also been documented in humans with T1D (429, 

433–437) and T2D (430, 431, 433). Decreased physical activity or disability, aging, obesity, 

hyperglycemia, oxidative stress, mitochondrial dysfunction, inflammation, reduced insulin/

IGF-1 signaling, and diabetic neuropathy are only some of the proposed mechanisms that 

contribute to diabetes-associated muscle wasting (274, 429, 433, 438). Skeletal muscle is 

considered the major site for insulin-mediated glucose disposal and energy metabolism. 

Therefore, its role in glucose homeostasis is crucial. Muscle wasting can exacerbate insulin 

resistance, which in turn can lead to further muscle loss (439). In addition to insulin, several 

anti-hyperglycemic medications act on skeletal muscle and, therefore, could affect diabetes-

induced muscle loss.
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Diabetic pharmacotherapy: effects on skeletal muscle

Insulin—Insulin is imperative for skeletal muscle metabolism. Several studies have shown 

that insulin promotes protein synthesis (440, 441), attenuates protein break-down (441–443), 

and improves mitochondrial capacity in skeletal muscle (444). Insulin resistance or insulin 

deficiency is associated with muscle wasting, partly due to increased protein degradation 

(445, 446). In an animal model of type 1 diabetes (90% partial pancreatectomy) impaired 

muscle growth and function was observed, secondary to impaired protein synthesis in Type 

II (fast twitch) fibers (447). Insulin withdrawal in insulin-deficient rats resulted in a decrease 

in protein synthesis and increase in protein degradation (448), while STZ-induced 

insulinopenia in mice resulted in an increase in protein degradation and decreased muscle 

mass (449), supporting the critical role of insulin in protein homeostasis.

Although in humans with T1D, inhibition of protein breakdown is observed with insulin 

treatment (446), protein synthesis is not consistently achieved with insulin administration 

(450, 451), and a relative resistance to the action of insulin has been observed (452, 453) 

affecting glucose, protein metabolism and mitochondrial function. In a study evaluating 

body composition in persons with T1D, only a small increase in lean body mass was 

observed during the first year of insulin therapy (454). However, another study comparing 

changes in body composition of newly diagnosed diabetic patients on insulin therapy 

revealed a significant increase in lean mass in patients with T1D within 6 months of 

treatment (455). Furthermore, patients with T1D assigned to intensive insulin therapy were 

noted to have greater weight gain and muscle mass compared to those on conventional 

therapy (456). These studies support that insulin is imperative for skeletal muscle mass and 

metabolism; some of the benefits on skeletal muscle associated with insulin therapy are 

likely indirect, due to insulin’s effect on glycemic control.

In humans with T2D, greater muscle mass due to larger body size may exist, compared to 

healthy adults; however, their muscle performance is negatively affected (457). Also, with 

age, muscle wasting in patients with T2D is evident (431). In certain animal models of type 

2 diabetes, such as the db/db mice, decreased exercise capacity and muscle weight have been 

observed; however, other models of type 2 diabetes, such as the TallyHo mice, do not exhibit 

muscle atrophy and loss of muscle function (458). This indicates that additional factors to 

hyperglycemia and insulin resistance are necessary for muscle loss in T2D. In a rat model of 

type 2 diabetes, insulin therapy was shown to improve lean mass (459); however, in humans 

with T2D, insulin therapy is considered to be ineffective for improving muscle 

mitochondrial function (460), increasing protein synthesis (461), reversing skeletal muscle 

proteolysis (462) or improving muscle strength (463). Furthermore, insulin therapy in 

patients with newly diagnosed T2D was not associated with skeletal muscle gain (455, 464) 

contrary to patients with T1D (455). A study looking at skeletal muscle index (the ratio of 

appendicular muscle mass to total body weight, expressed as a percentage value) in T2D 

subjects treated with: oral hypoglycemic agents alone; insulin alone; or a combination of 

both; found higher skeletal muscle index in older patients (≥65 years) receiving insulin. 

Interestingly, the same study reported that endogenous insulin secretion, measured by 

stimulated C-peptide immunoreactivity, was negatively correlated with skeletal muscle index 

in T2D patients (465).
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Future studies are needed to identify the risk factors associated with insulin resistance that 

predispose to muscle atrophy and dysfunction. The contribution of insulin therapy towards 

improvement in muscle mass and function is more evident in patients with T1D, whereas in 

patients with T2D, insulin therapy’s benefits on skeletal muscle are not as promising due to 

insulin resistance.

Biguanides—Metformin activates AMPK, resulting in inhibition of protein and lipid 

synthesis and increased fatty acid oxidation and glucose uptake (466). Recent data suggests 

that skeletal muscle repair may be improved when AMPK is activated (467). Metformin has 

been proven beneficial for protein metabolism in a cachexia model of tumor-bearing rats 

(468). Metformin has also been shown to improve mitochondrial function in skeletal muscle 

(466) and induce irisin release, an exercise-induced myokine, with beneficial effects in 

adipose tissue metabolism in mice (469). A few clinical studies have shown effects of 

metformin in muscle morphology and muscle function. Muscle mass loss was significantly 

reduced in older diabetic men on insulin sensitizer therapy, with either metformin or TZD 

(470), while in another group of newly diagnosed patients with T2D, the skeletal muscle 

index was improved in men, but not in women, after 24 weeks of metformin treatment (471). 

Results from another study showed that the lipid content of vastus lateralis muscle in T2D 

patients was decreased with metformin therapy, although this decrease was not associated 

with improvement in the glucose-disposal rate (472). Another recent study from Indonesia 

reported improvement in gait speed but not grip strength in elderly patients treated with 

1500 mg/day of metformin (473).

Although most of the studies have proposed that metformin is beneficial for muscle 

function, recent studies that have evaluated the effects of metformin on aerobic capacity 

have found a reduction in aerobic capacity with metformin treatment (474, 475), suggesting 

that metformin might be attenuating exercise-induced benefits on insulin sensitivity and 

cardio-metabolic health (476). Another study, however, noted that there was no metformin-

mediated attenuation of exercise benefits on glycemic control (477).

Potential side effects of metformin involving the musculoskeletal system include myalgia 

and muscle weakness. Ongoing studies are evaluating the effects of metformin on muscle 

mass and physical performance in insulin resistant and older individuals (NCT01804049, 

NCT02308228).

Thiazolidinediones—Activation of PPARγ in muscle has proven to be protective against 

insulin resistance (478). TZDs in mice have shown promising results against muscle 

wasting. Rosiglitazone has been shown to reduce proteolysis and muscle atrophy in db/db 

mice by decreasing caspase-3 and proteasome activity (445) and decreasing cachexia 

markers, Atrogin-1 and Muscle RING-finger protein-1 (MuRF-1), in the skeletal muscle of 

mice with cancer cachexia (479). Pioglitazone was shown to suppress oxidative stress and 

inflammation in skeletal muscle of mice with spinal and bulbar muscular atrophy (480).

In patients with T2D, pioglitazone and troglitazone were found to improve myocellular lipid 

metabolism (472, 481, 482), without any changes in mitochondrial function in skeletal 

muscle (472, 481). In contrast, another study of subjects with T2D showed increased or 
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decreased mitochondrial respiration of skeletal muscle with pioglitazone or rosiglitazone, 

respectively (483). Additionally, pioglitazone treatment was shown to improve markers of 

inflammation in skeletal muscle of patients with PCOS (484). However, pioglitazone did not 

prevent skeletal muscle loss when compared to resistance training in a group of older, non-

diabetic overweight or obese subjects enrolled in a hypocaloric weight-loss program (485). 

Evaluation of the transcriptome of skeletal muscle of subjects with impaired glucose 

tolerance on pioglitazone therapy did not reveal any metabolic pathways that were 

modulated by pioglitazone (486). TZDs appear to be relatively safe and although acute 

rhabdomyolysis after pioglitazone use has been reported (487), other skeletal muscle-related 

adverse events appear to be uncommon with TZD use (488). The majority of the studies 

support a positive or neutral effect of TZDs on skeletal muscle, however additional studies 

are required to confirm these effects, particularly in the diabetic population.

Sulfonylureas and Meglitinides—Sulfonylureas act on the plasma membrane KATP 

channel of different tissues causing changes in potassium intracellular flow. They have direct 

effects on muscle, affecting glucose uptake, glycogen synthase activity (489), protein 

degradation (490) and mitochondrial function in skeletal muscle (491, 492). Gliclazide can 

improve skeletal muscle glucose uptake and this effect appears to be mediated by action on 

the KATP channel (493) and associated with an increase in GLUT-1 membrane content and 

either no change (494, 495) or an increase (496) in the GLUT-4 expression and content in 

skeletal muscle. Recent studies suggest that sulfonylureas and glinides can induce muscle 

atrophy; reduced muscle protein content/muscle weight as well as reduced muscle fiber 

diameter was shown with sulfonylurea and glinide treatment in mice (497). Glibenclamide/

glyburide, but not other sulfonylureas, has been associated with muscle atrophy in humans, 

based on reports in the FDA-Adverse Effects Reporting System (AERS) database over an 

observation period of 8 months (497). The underlying suggested mechanisms for muscle 

atrophy appear to be hypoglycemia and/or KATP channel blocking (497). Interestingly, 

glibenclamide has been shown to increase tension in fatigued slow muscle in mice (498) and 

in chickens (499) supporting a direct effect of sulfonylureas on the KATP channels of 

skeletal muscle.

Sulfonylurea and glinide use is rarely associated with skeletal muscle-related adverse events.

Incretins—Animal studies of GLP-1R agonists have shown beneficial effects on skeletal 

muscle, partly due to their insulin-like effects on glucose utilization in skeletal muscle (500). 

GLP-1 has been shown to increase glucose uptake in skeletal muscle (501, 502), an effect 

that is mediated by nitric oxide (501). Exendin-4 has been shown to enhance glucose 

transport in skeletal muscle of diabetic rats (502) and both exenatide and liraglutide promote 

glucose uptake in skeletal muscle through AMPK activation (503). Exendin-4 increases 

glycogen synthase activity and glucose incorporation into glycogen and stimulates glucose 

utilization and oxidation in muscle (504). Other effects are suggestive of glucose-

independent effects of GLP-1R agonists on muscle. Colin et al showed that myocytes from 

obese, nondiabetic Zucker rates were significantly enlarged and depleted of lipid droplets 

with exendin-4 treatment, secondary to modulation of oxidative stress (505); Takada et al 
showed improved mitochondrial function and exercise capacity in mice receiving exendin-4 
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(506). Exenatide was reported to prevent sarcoma-induced cachexia in a mouse model (507), 

while liraglutide was shown to improve skeletal muscle capillary density in an animal model 

of insulin resistance, indicating a protective role against metabolic insulin resistance at the 

skeletal muscle level (508). Exenatide has also been shown to increase irisin, a myokine that 

is commonly induced by exercise, in patients with T2D (509). Furthermore, in a clinical 

study, liraglutide was associated with an increase in the skeletal muscle index in overweight 

and obese patients with T2D (510). Despite these positive reported actions of GLP-1R 

agonists on skeletal muscle, a very recent study from Japan evaluating changes in body 

composition of patients with T2D on hemodialysis showed decreases in skeletal muscle 

mass with six months of dulaglutide therapy, compared to teneligliptin therapy, raising some 

concern about dulaglutide-induced muscle loss (511).

Sitagliptin has been shown to increase GLUT-4 expression in skeletal muscle of type 2 

diabetic rats (512) and hypertensive rats (513). MK-0626, a DPP-4 inhibitor was associated 

with improvements in mitochondrial biogenesis in skeletal muscle and improvement in 

exercise capacity of mice who had suffered recent myocardial infarction (506). In another 

study, the effects of linagliptin on an animal model of premature aging supported a positive 

role in preventing muscle loss, based on the larger size of the gastrocnemius muscle in 

linagliptin-treated mice compared to control (514). Teneligliptin, when compared to a 

GLP-1R agonist did not appear to have negative effects on skeletal muscle mass of patients 

with T2D on dialysis (511). However, with the recent increase in DPP-4 inhibitor use, there 

have been reports of this class of medications causing myalgia, extremity pain, muscle 

weakness and other musculoskeletal adverse events, such as arthralgia (284, 285, 515). 

Proposed mechanisms for these adverse events include a change in pain threshold or DPP4 

inhibition in skeletal muscle (284). Additionally, case reports have been published 

describing that sitagliptin, when combined with a statin, is associated with rhabdomyolysis 

(516–518). Further studies are required to elucidate the underlying mechanisms and risk 

factors for these adverse events. Interestingly, acute toxicity associated with skeletal muscle 

necrosis has been reported with vildagliptin administration in monkeys, although the authors 

of this study reported that this is a monkey-specific phenomenon, with no relevance to 

humans (519).

SGLT2 inhibitors—Little is known about the effects of SGLT2Is on skeletal muscle. 

SGLT2Is have been shown to increase skeletal muscle glucose uptake (520) and reduce 

insulin resistance at the skeletal muscle (521). In an animal model of high fat, diet-induced 

obesity, canagliflozin was shown to induce expression of IGF-1, protect against muscle mass 

loss, and restore the contractile force of muscle (522), suggestive of a protective role for 

SGLT2Is on skeletal muscle. These findings have not been confirmed in humans. Contrary 

to the previously mentioned animal studies, a clinical trial in Japan showed a small but 

significant reduction in the skeletal muscle index with ipragliflozin (523) which was 

confirmed in a very recent clinical trial evaluating the effects of ipragliflozin compared to 

sitagliptin (524) on different metabolic variables in patients with T2D. Conversely, no 

changes in muscle mass were seen with dapagliflozin in patients with T2D (525). Adverse 

events, including musculoskeletal pain have been reported with ertugliflozin therapy, (526) 

but the underlying mechanisms for these events are not known. The data on the SGLT2I-
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mediated effects on skeletal muscle are scarce and further studies are needed to reach 

conclusions regarding their direct action(s) on skeletal muscle.

Glucosidase Inhibitors—Acarbose’s effects on skeletal muscle have been studied in 

genetically obese Zucker rats, a model of insulin resistance. Acarbose was found to induce 

GLUT-4 trafficking by inducing Akt activation in skeletal muscle (527). In a clinical study 

evaluating lipid deposition in skeletal muscle in individuals with metabolic syndrome, no 

changes in lipid metabolism in the muscle were observed with miglitol therapy (528). No 

adverse events of glucosidase inhibitors on skeletal muscle have been reported.

Amylin Mimetics—Amylin has been reported to decrease glycogen storage in skeletal 

muscle of rodents. A study evaluating the effects of the human amylin analog AC137 

showed increased lactate release from skeletal muscle under hypoglycemic conditions in 

T1D patients (529). No other reports of amylin mimetic effects on skeletal muscle were 

found.

Conclusions—Skeletal muscle is negatively affected in diabetes due to multiple factors, 

and evaluating these factors in an environment of insulin resistance and/or deficiency is 

critical. There is an unmet need for studies assessing muscle morphology and function in 

diabetes, and for clinical trials focused on the anti-diabetic therapies and their role in 

preventing diabetes-associated muscle impairment.

FUTURE DIRECTIONS AND CONSIDERATIONS

In the future, as more pharmaceuticals become available to treat diabetes, and as 

combination therapy becomes more common practice for both T1D and T2D, the potential 

for these newer approaches in diabetes management to impact musculoskeletal health will 

require careful and ongoing evaluation. As an endpoint for fracture risk assessment, it is 

acknowledged that BMD measurement is not adequate, and other integrative determinations 

will be needed. At least, in instances in which an individual with diabetes has a history of 

fracture, a choice of treatment options should require the clinician to consider using 

medications with the least risk to musculoskeletal well-being. Finally, because a number of 

pharmaceuticals have been developed that have been shown to impact the musculoskeletal 

system, it is incumbent that clinicians be well informed about the association of diabetes 

with increased fracture risk and muscle atrophy, and that they recognize that certain anti-

diabetes medications can predispose to musculoskeletal co-morbidities in those with 

diabetes, despite improving their glycemic control.
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