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Associations between osteoporosis and drug exposure: a post-marketing study of the World Health Organization pharmacovigilance database (VigiBase®)

Background: Bone remodeling is a complex process, and many conditions (including drug exposure) lead to osteoporosis. Here, we sought to detect new disproportionality signals for drugs associated with osteoporosis.

Methods

: We performed a disproportionality analysis of the World Health Organization's VigiBase® pharmacovigilance database through April 12, 2020. The frequency of reports on osteoporosis for all identified drug classes was compared with that for all other drugs and quoted as the reporting odds ratio (ROR) [95% confidence interval (CI)]. Results: Of the 7,594,968 cases spontaneously recorded to VigiBase®, 4,758 concerned osteoporosis. New disproportionality signals with a pharmacologically plausible mechanism were found for drugs used in neurology (levodopa (ROR [95%CI]: 10.18 [4.33-25.10]), selective serotonin agonists (4.22 [2.34-7.00]) and memantine (4.10 [1.56-8.93])), hematology (romiplostim (4.93 [1.15-21.10])), pulmonology (macitentan (3.02 [1.84-4.90])), ophthalmology (ranibizumab (3.31 [1.00-10.51])) and rheumatology (tofacitinib (3.65 [3.00-4.40])). The robustness of these new results is supported by the significant RORs for the vast majority of drugs already known to induce osteoporosis and/or increase the fracture risk, namely glucocorticoids, gonadotropin-releasing hormone analogs, antiaromatases, androgen receptor blockers, thyroid hormones, proton pump inhibitors, thiazolidinediones, vitamin K antagonists, loop diuretics, protease inhibitors, nucleoside and nucleotide reverse transcriptase inhibitors, and enzyme-inducing antiepileptics including barbiturates and derivatives, hydantoin derivatives, carboxamide derivatives and fatty acid derivatives. Conclusion: We established up a comprehensive list of drugs potentially associated with osteoporosis and highlighted those with pharmacologically plausible mechanisms leading to bone fragility. Our results might pave the way for additional exploration of these mechanisms.

HIGHLIGHTS

What is already known about the subject?

• Several drugs are known to induce osteoporosis and/or increase the fracture risk.

• Pharmacovigilance and pharmacoepidemiologic studies are crucial for the safety assessment of marketed drugs.

What this study adds?

• New disproportionality signals with a pharmacologically plausible mechanism in bone fragility were found for drugs used in the fields of neurology (selective 5-HT1 agonists, levodopa and memantine), hematology (romiplostim), pulmonology (macitentan), ophthalmology (ranibizumab), and rheumatology (tofacitinib). 

INTRODUCTION

Osteoporosis is a systemic skeletal disease characterized by low bone mineral density (BMD), microarchitectural deterioration of the bone tissue, and a consequential increase in bone fragility [START_REF]Consensus development conference: diagnosis, prophylaxis, and treatment of osteoporosis[END_REF].

Bone fractures (the main complication of osteoporosis) have a major impact on health and quality of life and constitute a significant economic burden [START_REF] Compston | Osteoporosis[END_REF].

The conditions or factors that lead to osteoporosis and/or an elevated fracture risk include age, sex, race, smoking, alcohol consumption, body weight, poor nutrition or any cause of malabsorption, low calcium and vitamin D intakes, chronic inflammatory rheumatic diseases (IRDs, particularly rheumatoid arthritis (RA)), other inflammatory diseases, endocrine disorders, bone marrow disorders, immobilization, a history of fractures, and the fall risk [START_REF] Kasturi | A Review of Osteoporosis: Part I. Impact, Pathophysiology, Diagnosis and Unique Role of the Physiatrist[END_REF].

Furthermore, several drugs are known to induce osteoporosis and/or increase the fracture risk: systemic, inhaled and topical glucocorticoids [START_REF] Adami | Glucocorticoid-induced osteoporosis update[END_REF], some hormone preparations (gonadotropinreleasing hormone (GnRH) analogs [START_REF] Smith | Gonadotropin-Releasing Hormone Agonists and Fracture Risk: A Claims-Based Cohort Study of Men With Nonmetastatic Prostate Cancer[END_REF], aromatase inhibitors (AIs) [START_REF] Folkestad | The effect of aromatase inhibitors on bone metabolism[END_REF], androgen receptor blockers [START_REF] Taylor | Review of major adverse effects of androgendeprivation therapy in men with prostate cancer[END_REF],

and thyroid hormones [START_REF] Sugitani | Effect of postoperative thyrotropin suppressive therapy on bone mineral density in patients with papillary thyroid carcinoma: a prospective controlled study[END_REF]), proton pump inhibitors (PPIs) [START_REF] Gray | Proton pump inhibitor use, hip fracture, and change in bone mineral density in postmenopausal women: results from the Women's Health Initiative[END_REF], thiazolidinediones [START_REF] Grey | Thiazolidinedione-induced skeletal fragility--mechanisms and implications[END_REF], vitamin K antagonists (VKAs) [START_REF] Rezaieyazdi | Reduced bone density in patients on long-term warfarin[END_REF], loop diuretics [START_REF] Rejnmark | Fracture risk in patients treated with loop diuretics[END_REF], protease inhibitors (PIs), nucleoside and nucleotide reverse transcriptase (NNRT) inhibitors [START_REF] Pan | AZT enhances osteoclastogenesis and bone loss[END_REF][START_REF] Jain | Select HIV protease inhibitors alter bone and fat metabolism ex vivo[END_REF], opioids [START_REF] Vestergaard | Fracture risk associated with the use of morphine and opiates[END_REF][START_REF] Gotthardt | Bone mineral density and its determinants in men with opioid dependence[END_REF], antiepileptics [START_REF] Beerhorst | Antiepileptic drugs and high prevalence of low bone mineral density in a group of inpatients with chronic epilepsy[END_REF], antipsychotics [START_REF] Bolton | Risk of low bone mineral density associated with psychotropic medications and mental disorders in postmenopausal women[END_REF][START_REF] Takkouche | Psychotropic medications and the risk of fracture: a meta-analysis[END_REF], benzodiazepines [START_REF] Poly | Association between benzodiazepines use and risk of hip fracture in the elderly people: A meta-analysis of observational studies[END_REF], antidepressants (mainly selective serotonin reuptake inhibitors (SSRIs)) [START_REF] Rizzoli | Antidepressant medications and osteoporosis[END_REF], vitamin A [START_REF] Lim | Vitamin A intake and the risk of hip fracture in postmenopausal women: the Iowa Women's Health Study[END_REF], and heparin during pregnancy [START_REF] Barbour | A prospective study of heparin-induced osteoporosis in pregnancy using bone densitometry[END_REF].

Although phase III studies are very robust tools for assess drug effectiveness, they are less able to evaluate adverse drug reactions (ADRs) because of the small sample sizes, highly selected populations, and short follow-up periods [START_REF] Umscheid | Key Concepts of Clinical Trials: A Narrative Review[END_REF]. Hence, post-marketing pharmacoepidemiologic studies are important for detecting rare or long-term ADRs, such as osteoporosis in long-term users of PPIs [START_REF] Gray | Proton pump inhibitor use, hip fracture, and change in bone mineral density in postmenopausal women: results from the Women's Health Initiative[END_REF] or VKAs [START_REF] Rezaieyazdi | Reduced bone density in patients on long-term warfarin[END_REF]. Disproportionality analysis lies at the interface between pharmacovigilance and pharmacoepidemiology. It is usually based on the assessment of spontaneous individual case safety reports (ICSRs) and can detect early disproportionality signals for specific ADRs, which must then be confirmed by more specific pharmacoepidemiologic studies [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. For example, a disproportionality signal (defined as reports of events that are significantly disproportionate, i.e. an observed/expected ratio exceeding a specific threshold [26]) was detected for rofecoxib and thrombotic ADRs as early as the end of 2001 [START_REF] Sommet | French Network of Regional Pharmacovigilance Centres, Was the thrombotic risk of rofecoxib predictable from the French Pharmacovigilance Database before 30 September 2004?[END_REF]. The drug was withdrawn from the market for this reason in September 2004.

Pharmacovigilance and pharmacoepidemiologic studies have identified a broad range of drug classes associated with an osteoporotic risk. The safety of recently marketed drugs must be assessed regularly. Dardonville et al. recently analyzed drug-induced osteoporosis in the French and Spanish pharmacovigilance databases but did not perform a disproportionality analysis that might have detected new disproportionality signals [START_REF] Dardonville | Drug-induced osteoporosis/osteomalacia: analysis in the French and Spanish pharmacovigilance databases[END_REF].

Consequently, we analyzed a global pharmacovigilance database in order to (i) provide an overview of drugs already known to induce osteoporosis and/or increase the fracture risk, and (ii) detect new disproportionality signals for osteoporosis and discuss potential mechanisms underlying bone fragility.

METHODS

Data source

ICSRs were collected from VigiBase® -the world's largest pharmacovigilance database, curated by the World Health Organization (WHO) [START_REF] Lindquist | VigiBase, the WHO Global ICSR Database System: Basic Facts[END_REF]. Each ICSR includes anonymous administrative data (the country, and the reporter's qualification), patient information (age and sex), drug information (the international non-proprietary name or the trade name, Anatomical Therapeutic Chemical (ATC) classification, indication, start date, withdrawal date, dosage, and administration route), and information on the suspected ADR (coded according to the Medical Dictionary for Regulatory Activities (MedDRA)) [START_REF] Brown | The Medical Dictionary for Regulatory Activities (MedDRA)[END_REF]. There are five levels in the MedDRA hierarchy, ranging from very general to very specific. MedDRA also includes standardized MedDRA queries (SMQs), which are collections of MedDRA terms consistent with a description of a clinical syndrome associated with an ADR and drug exposure [START_REF]Introductory guide for standardised MedDRA queries (SMQs) Version 21[END_REF]. As such, SMQs are useful for wide-ranging searches. There are two types of SMQ: the narrow SMQ contains fewer MedDRA terms than the broad SMQ and is therefore more specific. If a drug is considered to be at least probably responsible for the ADR, it is defined as "suspect" or "interacting" in the ICSR. If not, it is defined as "concomitant." Probability scales are based on a variety of temporal, semiologic, and/or bibliographic criteria [START_REF] Naranjo | A method for estimating the probability of adverse drug reactions[END_REF]. Full information on

ICSRs is given on the Uppsala Monitoring Centre's website [26] .

Study design

Using the narrow SMQ "Osteoporosis/osteopenia" (including the MedDRA preferred terms "Bone density decreased", "Bone formation decreased", "Bone loss", "Bone marrow oedema syndrome", "Osteopenia", "Osteoporosis", "Osteoporosis postmenopausal", "Osteoporotic fracture", "Resorption bone increased", "Senile osteoporosis"), we selected ICSRs recorded in VigiBase between January 1, 1967, and April 12, 2020. In order to analyze only the best-documented ICSRs (particular with regard to the nature of adverse drug reactions and the suspected or concomitant medications), we selected ICSRs filed by physicians, pharmacists, or other health professionals.

Lastly, we analyzed only ICSRs for which the sex and age (18 or over) were reported. We then analyzed drugs reported as being "suspect" in least in three ICSRs [START_REF] Roux | Evaluation of statistical association measures for the automatic signal generation in pharmacovigilance[END_REF]. Given the large number of suspect drugs at the 5 th level of the ATC classification, we pooled the active substances at the 3 rd level (the pharmacological subgroup) or the 4 th level (the chemical subgroup) corresponding to the mechanism of action. In order to avoid the question of poor drug effectiveness, we excluded ICSRs for which the suspected, interacting, or concomitant drugs were indicated in osteoporosis, i.e.

bisphosphonates (ATC M05BA and M05BB), denosumab (ATC M05BX04), burosumab (ATC M05BX05), romosozumab (ATC M05BX06), teriparatide (ATC H05AA02), abaloparatide (ATC H05AA04), strontium renalate (ATC M05BX03 and M05BX53), selective estrogen receptor modulators (ATC GX03XC), estrogen replacement therapy (ATC G03AA, G03AB, G03C, G03EA, G03EB, G03F, L02AA), calcitonin preparations (ATC H05BA), calcium (ATC A12A), and vitamin D and its analogs (ATC A11CC).

Statistical analysis

In our descriptive analysis, categorical variables were expressed as the number (percentage), and continuous variables were expressed as the mean ± standard deviation (SD) or, as appropriate, the median (range).

Several types of disproportionality analysis are available in the literature. Here, we chose to calculate reporting odds ratio (ROR) and its 95% confidence interval (CI) as a gauge of the association between a suspected drug and osteoporosis in the ICSRs filtered over the study period. This case/non-case approach is the best way to deal with the limitations of a database of spontaneous reports and to interpret the results optimally [START_REF] Rothman | The reporting odds ratio and its advantages over the proportional reporting ratio[END_REF]. The ROR calculation method has been described elsewhere [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. other drugs. If the ROR and the lower boundary of its 95%CI are above than 1, the ADR of interest is reported more frequently with the drug of interest than with all other drugs. It has been suggested that an ROR above 4 corresponds to a "large" effect size [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF].

Given that many conditions can lead to osteoporosis, we expected to see false-positive RORs confounded by the disease itself and "disease spill-over" (i.e. aspects of the treated disease coded as an ADR, namely osteoporosis). In this case, the disproportionality signal would reflect the risk associated with the indication and not with the drug itself. Thus, we minimized this indication bias by stratifying the RORs by therapeutic area; we defined the comparator as the suspected drug's therapeutic or pharmacological class, rather than all other drugs [START_REF] Grundmark | Reducing the noise in signal detection of adverse drug reactions by standardizing the background: a pilot study on analyses of proportional reporting ratios-by-therapeutic area[END_REF]. The therapeutic areas considered in the analyses are summarized in Supplementary Table S1. The RORs were adjusted for age and sex, using logistic regressions.

Bias due to competition between events might mask interesting RORs and can be observed when the suspected drug is strongly associated with another ADR [START_REF] Pariente | Association Française des Centres Régionaux de Pharmacovigilance (CRPV), Effect of Competition Bias in Safety Signal Generation[END_REF][START_REF] Salvo | A Potential Event-Competition Bias in Safety Signal Detection: Results from a Spontaneous Reporting Research Database in France[END_REF]. This bias can be minimized by removing the competitor event [START_REF] Salvo | A Potential Event-Competition Bias in Safety Signal Detection: Results from a Spontaneous Reporting Research Database in France[END_REF]. We therefore performed sensitivity analyses when RORs were not significant for drugs already known to be associated with osteoporosis by removing the most frequently reported ADR for each drug concerned from the analysis. Overall, this case was encountered only for antithrombotic agents, where the SMQ "Haemorrhages" was removed from the analysis for this drug class.

We performed sensitivity analyses by applying the above-mentioned method to (i) the broad SMQ "osteoporosis/osteopenia", which includes ADRs related to fractures, a decrease in BMD, and changes in markers of bone turnover (such as elevated urine levels of collagen cross-linked Ntelopeptide and elevated serum levels of collagen C-telopeptide), and (ii) the MedDRA terms related to fractures. The MedDRA terms related to the broad and narrow SMQs and to fractures are given in Supplementary Table S2.

All analyses were performed using R software (version 3.6.0, R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Study population

After the exclusion of drugs indicated in osteoporosis, 4,758 of the 7,594,968 ICSRs in adult patients of known age and sex reported by physicians, pharmacists or other health professionals to VigiBase® between January 1, 1967, and April 12, 2020, matched the narrow SMQ "osteoporosis/osteopenia".

There was a single suspect drug in 2,798 (58.8%) of the ICSRs. The mean ± SD age was 57.1 ± 15.6.

The cases predominantly occurred in females (65.9%). The characteristics of the study population are summarized in Table 1.

New disproportionality signals

In group A of the ATC classification, the aROR [95%CI] was significant for imiglucerase (4.87 [1.24-20.33], Figure 1).

In group B of the ATC classification, the aRORs was significant for romiplostim (4.93 [1.15-21.10]), In group G of the ATC classification, the aROR was significant for sildenafil (2.84 [1.29-5.63]), Figure 1).

In group L of the ATC classification, the aRORs were significant for interferon beta-1a ( 2).

In group P of the ATC classification, the aROR was significant for hydroxychloroquine (7.91 [6.70-9.26], Figure 2).

analogs, AIs, androgen receptor blockers, thyroid hormones, PPIs, thiazolidinediones, VKAs, loop diuretics, PIs, NNRT inhibitors and enzyme-inducing antiepileptics; however, the aRORs were also significant for opioids and benzodiazepines in the broad SMQ [START_REF] Adami | Glucocorticoid-induced osteoporosis update[END_REF][START_REF] Smith | Gonadotropin-Releasing Hormone Agonists and Fracture Risk: A Claims-Based Cohort Study of Men With Nonmetastatic Prostate Cancer[END_REF][START_REF] Folkestad | The effect of aromatase inhibitors on bone metabolism[END_REF][START_REF] Taylor | Review of major adverse effects of androgendeprivation therapy in men with prostate cancer[END_REF][START_REF] Sugitani | Effect of postoperative thyrotropin suppressive therapy on bone mineral density in patients with papillary thyroid carcinoma: a prospective controlled study[END_REF][START_REF] Gray | Proton pump inhibitor use, hip fracture, and change in bone mineral density in postmenopausal women: results from the Women's Health Initiative[END_REF][START_REF] Grey | Thiazolidinedione-induced skeletal fragility--mechanisms and implications[END_REF][START_REF] Rezaieyazdi | Reduced bone density in patients on long-term warfarin[END_REF][START_REF] Rejnmark | Fracture risk in patients treated with loop diuretics[END_REF][START_REF] Pan | AZT enhances osteoclastogenesis and bone loss[END_REF][START_REF] Jain | Select HIV protease inhibitors alter bone and fat metabolism ex vivo[END_REF][START_REF] Vestergaard | Fracture risk associated with the use of morphine and opiates[END_REF][START_REF] Gotthardt | Bone mineral density and its determinants in men with opioid dependence[END_REF][START_REF] Beerhorst | Antiepileptic drugs and high prevalence of low bone mineral density in a group of inpatients with chronic epilepsy[END_REF][START_REF] Bolton | Risk of low bone mineral density associated with psychotropic medications and mental disorders in postmenopausal women[END_REF][START_REF] Takkouche | Psychotropic medications and the risk of fracture: a meta-analysis[END_REF][START_REF] Poly | Association between benzodiazepines use and risk of hip fracture in the elderly people: A meta-analysis of observational studies[END_REF][START_REF] Rizzoli | Antidepressant medications and osteoporosis[END_REF]. When considering vitamin A and its derivatives, the aROR was significant only for retinoids for the treatment of psoriasis in the fractures subset but not in the broad or narrow SMQs. Their use in clinical studies is associated with a lower BMD and a higher fracture risk [START_REF] Lim | Vitamin A intake and the risk of hip fracture in postmenopausal women: the Iowa Women's Health Study[END_REF][START_REF] Melhus | Excessive Dietary Intake of Vitamin A Is Associated with Reduced Bone Mineral Density and Increased Risk for Hip Fracture[END_REF] We found a significant ROR for radium 223 dichloride, which is indicated in metastatic prostate cancer. This calcium-mimetic radioisotope was recently shown to induce osteoporosis with a high risk of vertebral fractures, independently of androgen deprivation therapy and abiratone therapy [START_REF] Mazziotti | Morphometric vertebral fractures in patients with castration-resistant prostate cancer undergoing treatment with radium-223: a longitudinal study in the real-life clinical practice[END_REF]. This radioisotope binds selectively to hydroxyapatite in areas of increased bone remodeling; the short-range emission of high-energy alpha particles probably leads to bone fragility [START_REF] Bruland | High-linear energy transfer irradiation targeted to skeletal metastases by the alpha-emitter 223Ra: adjuvant or alternative to conventional modalities?[END_REF].

Testosterone-5-alpha reductase inhibitors (used in prostate cancer) prevent the conversation of testosterone to dihydrotestosterone. Low concentrations of dihydrotestosterone predispose men to a risk of osteoporosis [START_REF] Ilangovan | Dihydrotestosterone is a determinant of calcaneal bone mineral density in men[END_REF] because this hormone is approximately ten times more potent than its precursor testosterone, and is the preferred ligand for androgen receptor transactivation [START_REF] Saartok | Relative binding affinity of anabolicandrogenic steroids: comparison of the binding to the androgen receptors in skeletal muscle and in prostate, as well as to sex hormone-binding globulin[END_REF].

Nevertheless, observational studies have yielded inconsistent findings [START_REF] Robinson | Risk of Fractures and Falls during and after 5-α Reductase Inhibitor Use: A Nationwide Cohort Study[END_REF][START_REF] Vestergaard | Risk of fractures associated with treatment for benign prostate hyperplasia in men[END_REF][START_REF] Lin | A population-based nested case-control study: the use of 5-alpha-reductase inhibitors and the increased risk of osteoporosis diagnosis in patients with benign prostate hyperplasia[END_REF].

Methotrexate (MTX, indicated in several chronic IRDs at low doses but also used to treat cancer at very high doses) appears to induce osteoporosis and increase the fracture risk in a dose-dependent manner. At high doses, MTX induces osteoporosis and fractures regardless of corticosteroid use [START_REF] Kaste | Bone mineral decrements in survivors of childhood acute lymphoblastic leukemia: frequency of occurrence and risk factors for their development[END_REF][START_REF] Stanisavljevic | Fractures in children treated with methotrexate for leukemia[END_REF][START_REF] Nesbit | Acute and chronic effects of methotrexate on hepatic, pulmonary, and skeletal systems[END_REF] in a way that has not yet been not fully elucidated -possibly through increased urinary calcium excretion [52]. At low doses in IRDs, MTX use is not associated with lower BMD or a higher fracture risk [START_REF] Di Munno | Effect of low dose methotrexate on bone density in women with rheumatoid arthritis: results from a multicenter cross-sectional study[END_REF][START_REF] Arai | Risk factors for vertebral fracture in menopausal or postmenopausal Japanese women with rheumatoid arthritis: a cross-sectional and longitudinal study[END_REF][START_REF] Cranney | The effect of low dose methotrexate on bone density[END_REF][START_REF] Minaur | Methotrexate in the treatment of rheumatoid arthritis. II. In vivo effects on bone mineral density[END_REF][START_REF] Bianchi | Bone mass change during methotrexate treatment in patients with juvenile rheumatoid arthritis[END_REF].

In vivo, calcineurin inhibitors (indicated in patients undergoing organ transplantation) cause bone loss and increase the fracture risk [START_REF] Kulak | Transplantation osteoporosis[END_REF] due to increased bone resorption -notably because of changes in T-cell cytokine production and altered vitamin D metabolism, with secondary hyperparathyroidism [START_REF] Movsowitz | Cyclosporin A in the oophorectomized rat: unexpected severe bone resorption[END_REF].

Azathioprine inhibits purine synthesis and also leads to autophagy [START_REF] Morgan | Azathioprine Has a Deleterious Effect on the Bone Health of Mice with DSS-Induced Inflammatory Bowel Disease[END_REF]. A recent in vivo study found that the use of this drug is associated with a deterioration in the bone's trabecular microarchitecture, which might induce the autophagy pathway [START_REF] Morgan | Azathioprine Has a Deleterious Effect on the Bone Health of Mice with DSS-Induced Inflammatory Bowel Disease[END_REF]. Azathioprine's detrimental effects on bone have already been described in vivo [START_REF] Cegieła | Alendronate prevents development of the skeletal changes induced by azathioprine in rats[END_REF], and the results of an observational study showed an elevated fracture risk [START_REF] Vestergaard | Methotrexate, azathioprine, cyclosporine, and risk of fracture[END_REF].

The involvement of non-steroidal anti-inflammatory drugs in bone remodeling appears to be complex and depends on the type of cyclooxygenase (COX) inhibited, sex, and hormone status.

Prostaglandin (PG)E2 and prostacyclin have complex roles in bone remodeling cycle; they may stimulate bone resorption (particularly PGE2) as well as bone formation [START_REF] Jee | The in vivo anabolic actions of prostaglandins in bone[END_REF][START_REF] Faye-Petersen | Prostaglandin E1-induced hyperostosis: clinicopathologic correlations and possible pathogenetic mechanisms[END_REF][START_REF] Raisz | Prostaglandins: mechanisms of action and regulation of production in bone[END_REF]. The literature data are contradictory. In a systematic review, aspirin (which inhibits COX-1 at low doses and both COX-1 and COX-2 at high doses) is associated with a decrease in the fracture risk and an increase in BMD in both men and women [START_REF] Barker | Aspirin and fracture risk: a systematic review and exploratory meta-analysis of observational studies[END_REF]. In a multicenter cohort study, COX-2-specific inhibitors are associated with a lower BMD in men and with a higher BMD in postmenopausal women not using estrogen replacement therapy [START_REF] Richards | Canadian Multicentre Osteoporosis Study Group, The effect of cyclooxygenase-2 inhibitors on bone mineral density: results from the Canadian Multicentre Osteoporosis Study[END_REF]. In a large cohort study, the combination of coxibs with low-dose aspirin was associated with an increase in BMD in both men and women [START_REF] Carbone | Association Between Bone Mineral Density and the Use of Nonsteroidal Anti-Inflammatory Drugs and Aspirin: Impact of Cyclooxygenase Selectivity[END_REF]. Nevertheless, we found a significant aROR only for coxibs.

Drugs with a pharmacological rationale for a potential bone effect but that have not yet been investigated in clinical studies

Romiplostim -indicated in immune thrombocytopenia -activates c-myeloproliferative leukemia virus oncogene (c-Mpl); this is the receptor for thrombopoietin (TPO) present in megakaryocytes and OCs, which are derived from the same hematopoietic precursor [START_REF] Meijome | C-Mpl Is Expressed on Osteoblasts and Osteoclasts and Is Important in Regulating Skeletal Homeostasis[END_REF]. In vitro, TPO increases OC formation and differentiation through the mitogen-activated protein kinases, Janus kinases (JAKs)/signal transducers and activators of transcription (STAT), and nuclear factor-kappa B (NFκB) signaling pathways by activating c-Mpl [START_REF] Bethel | A Novel Role for Thrombopoietin in Regulating Osteoclast Development in Humans and Mice[END_REF]; this mechanism might explain our results.

We found a significant aRORs for macitentan -an endothelin-1 (ET-1) receptor antagonist indicated in pulmonary arterial hypertension. This finding is consistent with in vitro studies showing that exogenous ET-1 stimulates OB proliferation/differentiation and type I collagen production and inhibits osteoclastic resorption [START_REF] Schroeder | Endothelin-1 promotes osteoprogenitor proliferation and differentiation in fetal rat calvarial cell cultures[END_REF][START_REF] Takuwa | Endothelin-1 activates phospholipase C and mobilizes Ca2+ from extra-and intracellular pools in osteoblastic cells[END_REF][START_REF] Kasperk | Endothelin-1 is a potent regulator of human bone cell metabolism in vitro[END_REF]. Moreover, ET-1 levels in a clinical study were positively correlated with BMD at the lumbar spine in non-osteoporotic women [START_REF] Gulhan | Postmenopausal women with osteoporosis may be associated with high endothelin-1[END_REF]. However, the drug class's possible direct effect on bone was not evaluated.

It is well known that Parkinson's disease is associated with bone loss through immobilization or hypokinesia. However, dopaminergic depression alters the sympathetic innervation of bone, which is fundamental for bone homeostasis [START_REF] Kondo | In vivo stimulation of sympathetic nervous system modulates osteoblastic activity in mouse calvaria[END_REF][START_REF] Handa | Bone loss caused by dopaminergic degeneration and levodopa treatment in Parkinson's disease model mice[END_REF]. Furthermore, the breakdown of L-dopa by catechol-Omethyltransferase results in greater homocysteine formation [START_REF] Postuma | Homocysteine and levodopa: should Parkinson disease patients receive preventative therapy?[END_REF]. In turn, high level of homocysteine lead to osteoporosis and fractures -possibly through impaired collagen cross-linking [START_REF] Van Meurs | Homocysteine levels and the risk of osteoporotic fracture[END_REF]. This has been confirmed in mice but not in humans, where dopamine replacement treatment with levodopa further reduces the bone mass and raises the serum level of homocysteine [START_REF] Handa | Bone loss caused by dopaminergic degeneration and levodopa treatment in Parkinson's disease model mice[END_REF].

The use of SSRIs appears to be associated with a reduction in BMD and an elevated risk of fracture [START_REF] Vestergaard | Selective serotonin reuptake inhibitors and other antidepressants and risk of fracture[END_REF]. SSRIs increase serum serotonin concentrations, and it has been suggested that serum 5-HT downregulates osteoblast proliferation, bone formation, and bone mass via the 5-HT1B receptor [START_REF] Yadav | Lrp5 controls bone formation by inhibiting serotonin synthesis in the duodenum[END_REF][START_REF] Dai | Serotonin regulates osteoblast proliferation and function in vitro[END_REF][START_REF] Lavoie | Regulation of Bone Metabolism by Serotonin[END_REF]. On the same lines, selective 5-HT1 agonists (some of which are indicated in migraine) bind to 5-HT1B/D receptors, which might impair bone formation. Nevertheless, no clinical data on this topic have been published.

The N-methyl-D-aspartate (NMDA) receptor antagonist memantine is indicated in dementia.

Mechanical loading (which contributes to the normal bone remodeling process [START_REF] Martin | Toward a unifying theory of bone remodeling[END_REF]) increases the expression of NMDA receptors on OBs and OCs [START_REF] Cowan | Glutamate Signaling in Healthy and Diseased Bone[END_REF]. Accordingly, experiments in vitro and in an animal model showed that the downregulation of NMDA receptor expression decreased osteogenesis [START_REF] Ho | Down-regulation of Nmethyl D-aspartate receptor in rat-modeled disuse osteopenia[END_REF].

Ranibizumab -indicated in age-related macular degeneration -is a vascular endothelial growth factor (VEGF)-A inhibitor that has an important role in angiogenesis and osteogenesis [START_REF] Hu | The roles of vascular endothelial growth factor in bone repair and regeneration[END_REF]. A recent study showed that enhancing VEGF-A expression promotes osteogenesis in the context of postmenopausal osteoporosis [START_REF] Wang | Mechanism of dexmedetomidine regulating osteogenesis-angiogenesis coupling through the miR-361-5p/VEGFA axis in postmenopausal osteoporosis[END_REF]. Hence, ranibizumab might impair bone homeostasis.

Tofacitinib -indicated in RA -is a JAK1/JAK3 inhibitor. In vivo, JAK1 inhibition can lead to an osteoporotic bone phenotype [START_REF] Chen | Gene expression profiling in monocytes and SNP association suggest the importance of the STAT1 gene for osteoporosis in both Chinese and Caucasians[END_REF] and JAK3 inhibition via the inactivation of signal transducers and activation of transcription 3 (STAT3) in OBs [START_REF] Zhou | Osteoblast/osteocyte-specific inactivation of Stat3 decreases load-driven bone formation and accumulates reactive oxygen species[END_REF]. Moreover, STAT3 deficiency activates osteoclastogenesis [START_REF] Zhang | Osteoporosis with increased osteoclastogenesis in hematopoietic cell-specific STAT3-deficient mice[END_REF]. Nevertheless, no clinical data on this topic are available.

The drugs with a pharmacologically plausible mechanism of osteoporosis induction are summarized in Table 2.

Drugs with disproportionality signals identified in the present study but that are not in line with the literature data

It is well known that Gaucher's disease (glycocerebrosidase deficiency) induces osteoporosis through the accumulation of glucosylceramide. The enzyme replacement therapy imiglucerase is associated with dose-related, long-term increases in BMD [START_REF] Wenstrup | Effect of Enzyme Replacement Therapy With Imiglucerase on BMD in Type 1 Gaucher Disease[END_REF]. The significant ROR for imiglucerase might be related to drug ineffectiveness, rather than a direct effect on bone.

For certain vasodilator agents (namely the phosphodiesterase-5 (PDE-5) inhibitors sildenafil and tadalafil and the soluble guanylate cyclase (sCG) agonist riociguat, we also found significant RORs -a finding that contrasts with the literature data. In animal models, PDE-5 inhibitors prevent cGMP degradation and thus stimulate cGMP-dependent protein kinase (PKG) 1/2, leading to an increase in BMD via OB proliferation and differentiation [START_REF] Kim | The NO-cGMP-PKG pathway in skeletal remodeling[END_REF]. The sGCs (Gucy1a2 and Gucy1a3) are expressed in mouse skeletal tissue, and the sGC agonists' effects appear to be driven by osteoblasts. In vivo, the sGC agonist cinaciguat enhanced osteoblast proliferation and differentiation and reversed trabecular bone loss in ovariectomized mice [START_REF] Kim | The NO-cGMP-PKG pathway in skeletal remodeling[END_REF].

We found significant RORs for disease-modifying antirheumatic drugs (DMARDs) used to treat chronic IRDs: leflunomide, TNF inhibitors, tocilizumab, abatacept, rituximab, and hydroxychloroquine. In the present study population, the use of co-medications (e.g. glucocorticoids)

not addressed in the analysis or an indication bias (despite stratification by therapeutic area) might explain these discrepancies. All these DMARDs are known to be associated with a reduction in the osteoporosis risk through a decrease in systemic inflammation. In vitro and in an animal model, leflunomide suppresses receptor activator of NFκB ligand (RANKL)-activated intracellular signaling and OC differentiation, and this effect is independent of its suppressive effect on T cells [START_REF] Urushibara | The antirheumatic drug leflunomide inhibits osteoclastogenesis by interfering with receptor activator of NF-kappa B ligandstimulated induction of nuclear factor of activated T cells c1[END_REF].

However, a clinical study found that patients with RA exposed to leflunomide for an average of 2.4 years did not have a significant change in BMD [START_REF] Pfeil | Effects of leflunomide and methotrexate in rheumatoid arthritis detected by digital X-ray radiogrammetry and computer-aided joint space analysis[END_REF]. It is well known that interleukin (IL)-6 induces osteoporosis by activating osteoclastogenesis [START_REF] Wang | TNF-α and IL-6: The Link between Immune and Bone System[END_REF]. Biologic DMARDs targeting TNF and IL-6 inhibit the expression of RANKL on synovial cells and T cells, which leads to the subsequent suppression of osteoclast maturation and bone damage through RANKL; however, biologic DMARDs are not known to affect bone metabolism and osteoporosis [START_REF] Tanaka | Managing Osteoporosis and Joint Damage in Patients with Rheumatoid Arthritis: An Overview[END_REF]. The use of the IL-6 inhibitor tocilizumab is associated with lower levels of bone-resorbing markers and higher levels of bone formation markers [START_REF] Garnero | Rapid and sustained improvement in bone and cartilage turnover markers with the anti-interleukin-6 receptor inhibitor tocilizumab plus methotrexate in rheumatoid arthritis patients with an inadequate response to methotrexate: results from a substudy of the multicenter double-blind, placebo-controlled trial of tocilizumab in inadequate responders to methotrexate alone[END_REF][START_REF] Karsdal | IL-6 receptor inhibition positively modulates bone balance in rheumatoid arthritis patients with an inadequate response to anti-tumor necrosis factor therapy: biochemical marker analysis of bone metabolism in the tocilizumab RADIATE study (NCT00106522)[END_REF]. Nevertheless, the use of tocilizumab in RA patients appears to be associated with a bone mass gain only in individuals who are positive for anti-citrullinated protein antibodies [START_REF] Dubrovsky | Osteoporosis in Rheumatic Diseases: Antirheumatic Drugs and the Skeleton[END_REF]. Abatacept (a fusion protein containing the FC region of IgG1 and the extracellular domain of cytotoxic Tlymphocyte-associated protein-4) inhibits the differentiation and maturation of OCs [START_REF] Axmann | CTLA-4 directly inhibits osteoclast formation[END_REF]. A clinical study found that patients treated with abatacept had an greater BMD at the lumbar spine than patients treated with tumor necrosis factor inhibitors or tocilizumab [START_REF] Tada | FRI0062 Influence of Biologic Agents on Bone Mineral Density and Bone Mineral Markers in Patients with Rheumatoid Arthritis: Data from the Airtight Study[END_REF]. Few literature data on the anti-B-cell (anti-CD20) rituximab are available. The use of this agent appears to be associated with a reduction in levels of the bone resorption marker deoxypyridinoline [START_REF] Hein | Influence of Rituximab on markers of bone remodeling in patients with rheumatoid arthritis: a prospective open-label pilot study[END_REF], although the results of a clinical study were not conclusive [START_REF] Wheater | Changes in bone density and bone turnover in patients with rheumatoid arthritis treated with rituximab, results from an exploratory, prospective study[END_REF]. Hydroxychloroquine (HCQ) was shown to reduce OC differentiation in vitro and levels of β-carboxy-terminal collagen in vivo [START_REF] Both | Hydroxychloroquine affects bone resorption both in vitro and in vivo[END_REF]. One clinical study confirmed these preclinical results: HCQ use was associated with higher BMD in patients with systemic lupus erythematosus [START_REF] Lakshminarayanan | Factors associated with low bone mineral density in female patients with systemic lupus erythematosus[END_REF]. However, a recent study did not show an association between HCQ and the fracture risk in postmenopausal women with RA [START_REF] Carbone | The Association of Methotrexate, Sulfasalazine, and Hydroxychloroquine Use With Fracture in Postmenopausal Women With Rheumatoid Arthritis: Findings From the Women's Health Initiative[END_REF].

In mice, interferon beta -indicated in multiple sclerosis (MS) -appears to have beneficial effects on bone by interfering with the RANKL-induced expression of c-Fos and thus inhibition of osteoclastogenesis [START_REF] Takayanagi | RANKL maintains bone homeostasis through c-Fos-dependent induction of interferon-beta[END_REF]. In one clinical study, the use of interferon beta by patients with MS was associated with lower osteoclastogenesis in response to RANKL [START_REF] Weinstock-Guttman | Interferon-beta modulates bone-associated cytokines and osteoclast precursor activity in multiple sclerosis patients[END_REF]. In another clinical study, however, its use was associated with lower BMD in men with MS and no change in BMD in women with MS [START_REF] Pérez Castrillón | Bone mineral density in patients with multiple sclerosis: the effects of interferon[END_REF].

Omalizumab -indicated in allergic asthma, sinonasal polyposis, and chronic spontaneous urticariabinds IgE specifically, whereas mepolizumab -indicated in severe eosinophilic refractory asthmabinds IL-5 specifically. These actions results in lower histamine levels and lower leukotriene and proinflammatory mediator levels via inhibition of mast cell degranulation and eosinophils, respectively [START_REF] Kaplan | Mechanisms of action that contribute to efficacy of omalizumab in chronic spontaneous urticaria[END_REF][START_REF] Fala | Nucala (Mepolizumab): First IL-5 Antagonist Monoclonal Antibody FDA Approved for Maintenance Treatment of Patients with Severe Asthma[END_REF]. In theory, these mechanisms of action should prevent bone loss [START_REF] Sirufo | Does Allergy Break Bones? Osteoporosis and Its Connection to Allergy[END_REF]; again, no clinical data are available.

As mentioned above, iron accumulation harms bone [START_REF] Rossi | Iron overload causes osteoporosis in thalassemia major patients through interaction with transient receptor potential vanilloid type 1 (TRPV1) channels[END_REF][START_REF] Valenti | Association between iron overload and osteoporosis in patients with hereditary hemochromatosis[END_REF]. Accordingly, a clinical study found that iron-chelating agents can restore iron-induced bone damage [START_REF] Poggi | Longitudinal changes of endocrine and bone disease in adults with β-thalassemia major receiving different iron chelators over 5 years[END_REF].

Drugs with neither clinical data or nor a pharmacological rationale for a potential association with osteoporosis

Mycophenolic acid and sirolimus inhibit inosine-5'-monophosphate dehydrogenase and IL-2 and other cytokine receptor-dependent signal transduction mechanisms via an action on mTOR. The two 20 drugs inhibit T and B lymphocyte proliferation and do not appear to harm bone in kidney transplant patients [START_REF] Westenfeld | Impact of sirolimus, tacrolimus and mycophenolate mofetil on osteoclastogenesis--implications for post-transplantation bone disease[END_REF].

Amifampridine -indicated in MS and Lambert-Eaton myasthenic syndrome, respectively -are broadspectrum voltage-dependent potassium channel blockers that enhance synaptic transmission. No clinical or preclinical data are available.

Tafamidis -indicated in transthyretin (TTR) amyloidosis -binds the TTR tetramer and prevents it from dissociating into monomers. Only one clinical study has shown that TTR levels were positively correlated with BMD but only in patients without amyloidosis; in this context, TTR is a nutritional marker [START_REF] Chupeerach | Decreased retinol transport proteins in Thai postmenopausal women with osteoporosis[END_REF]. Bone effects of TTR accumulation in the subset of patients with amyloidosis were not investigated.

The mechanism of action of sodium oxybate -indicated in narcolepsy with cataplexy or excessive daytime sleepiness -is not well understood [START_REF] Van Den Brink | Efficacy and safety of sodium oxybate in alcohol-dependent patients with a very high drinking risk level[END_REF]. Hence, no hypothesis can be made as to its possible harmful bone effects.

Study limitations and strengths

Our study had several limitations, most of which are inherent to all pharmacovigilance and case/noncase designs [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. Firstly, we were not able to provide the absolute frequency of drugs associated with osteoporosis -notably because of underreporting. However, widespread underreporting would not affect the results of a disproportionality analysis [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. Secondly, we did not have information on the severity of the diseases for which the studied drugs were administered; this might have created false positives in the ROR calculation. As a result, several RORs might be falsely significant even after stratification by therapeutic area: certain drugs used to treat IRDs, the imiglucerase used in Gaucher's disease. The significant ROR in this example probably reflects certain aspects of the disease itself. Nevertheless, many of the contrasting literature data comes from preclinical studies and have not always been confirmed in clinical studies. On the same lines, our analyses did not address the concomitant use of certain medications (e.g. glucocorticoids in patients with IRDs) or previous medication use that was not documented in the database, which could have led to falsely significant RORs. Thirdly, our analyses took account of age and sex but not other conditions leading to osteoporosis (due to lack of data), which could result in confounding bias. Fourthly, event competition bias (as seen with VKAs) might have prevented us from detecting other disproportionality signals masked by other ADRs strongly associated with the drugs of interest.

Fifthly, we cannot assert that fracture events in ICSRs are all low-energy osteoporotic fractures.

In contrast, our study has several major strengths, due to its case/non-case design [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. We studied the world's largest pharmacovigilance database, which reflects routine medication use. The case/non-case design is a validated means of investigating disproportionality between reports and drugs [START_REF] Montastruc | Benefits and strengths of the disproportionality analysis for identification of adverse drug reactions in a pharmacovigilance database[END_REF]. A recent study showed that in most cases, the ADR risk obtained in meta-analyses is correlated with the ROR from the disproportionality analysis [START_REF] Khouri | Adverse drug reaction risks obtained from meta-analyses and pharmacovigilance disproportionality analyses are correlated in most cases[END_REF]. In the present study, the RORs for the vast majority of drugs already known to induce osteoporosis or increase the fracture risk were significant, which testifies to the robustness of our results.

CONCLUSION

Our results are consistent with the literature data on drugs already known to induce osteoporosis or increase the fracture risk: glucocorticoids, GnRH analogs, AIs, androgen receptor blockers, thyroid hormones, PPIs, thiazolidinediones, VKAs, loop diuretics, PIs, NNRT inhibitors, opioids, enzymeinducing antiepileptics, benzodiazepines, heparin, radium 223 dichloride, and high-dose MTX. We found new disproportionality signals with a pharmacologically plausible mechanism (requiring confirmation in clinical studies) in the fields of neurology (selective 5-HT1 agonists, levodopa and memantine), hematology (romiplostim), pulmonology (macitentan), ophthalmology (ranibizumab), and rheumatology (tofacitinib). 

  ABBREVIATIONS
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  through osteoblast (OB) inhibition, osteoclast (OC) differentiation, and an antagonism of vitamin D's action [39-41]. Vitamin A and its derivatives are scattered across the ATC classification system (with vitamin A [A11CA01], retinoids for treatment of psoriasis [D05BB], topical retinoids for acne [D10AD], systemic retinoids for acne [D10BA], retinoids for cancer treatment [L01XF], and retinol eye drops [S01XA02]); this prevented us from calculating the overall ROR for this drug class.

Figure 1 :

 1 Figure 1: Significant RORs for osteoporosis (narrow SMQ) with drugs in the ATC groups A, B, C, D, G, H, J and L. *ROR calculation performed for the corresponding therapeutic area ** ROR calculation not stratified by therapeutic area (the corresponding drugs are almost the only ones in their therapeutic area) ATC, Anatomical Therapeutic Chemical; CI, confidence interval; ROR, reporting odds ratio.

Figure 2 :

 2 Figure 2: Significant RORs for osteoporosis (narrow SMQ) with drugs in the ATC groups L, M, N, P, R, S and V *ROR calculation performed in the corresponding therapeutic area ** ROR calculation not stratified by therapeutic area (the corresponding drugs are almost the only ones in their therapeutic area) ATC, Anatomical Therapeutic Chemical; CI, confidence interval; ROR, reporting odds ratio.

Figure 3 :

 3 Figure 3: RORs for osteoporosis (narrow SMQ) with antithrombotic agents after exclusion of the SMQ "Haemorrhages" ATC, Anatomical Therapeutic Chemical; CI, confidence interval; MAO, monoamine oxidase; ROR, reporting odds ratio; SMQ, standardized MedDRA query;

  

  

Table 1 :

 1 Characteristics of ICSRs

	Characteristics	Broad SMQ « Osteoporosis » n = 4,758
	Age (years) ± SD	51.1 ± 15.6
	Sex, n (%)	
	Male	1,621 (34.1)
	Female	3,137 (65.9)
	Reporter qualification, n (%)	
	Physicians	2,933 (61.6)
	Pharmacists	383 (8,0)
	Other health professionals	1,059 (30.4)
	Continent, n (%)	
	North America	2,184 (45.9)
	Europe	1,785 (37.5)
	Asia	645 (13.6)
	Other regions 1	144 (3.0)
	Seriousness of ADRs 2 , n (%)	
	Death	157 (3.3)
	Life-threatening event	62 (1.3)
	Disability/incapacity	542 (11.4)
	Hospitalization (caused or prolonged)	2,679 (56.3)
	Others	2,684 (56.4)
	1 including Oceania, Africa and South America	

2

ADRs of a unique ICSR can have a different seriousness ADR, adverse drug reaction; ICSRs, individual case safety reports; SMQ, standardized medical dictionary for regulatory activities queries;

Table 2 :

 2 Indications and mechanisms of action of molecules having a pharmacological plausibility to induce osteoporosis

	Molecules	Indications	Mechanisms of action	Pharmacological plausibility
	Selective 5-HT1 agonists	Migraine	Selective 5-HT1 agonists	Binding to 5-HT1B OB receptors ↓ OB proliferation [80-82]
	L-dopa	Parkinson disease	Dopamine substitution	Breakdown of L-dopa by COMT ↑ Hcy ↓ collagen cross-linking [78]
	Memantine	Dementia	NMDA receptor antagonist	Down-regulation of NMDA receptors ↓ osteogenesis [85]
	Romiplostim	ITP	TPO receptor activation (c-Mpl)	Activation of MAPK, JAK/STAT and NFκB ↑ OC formation and differentiation [70]
				ET-1 antagonism
	Macitentan	Pulmonary arterial hypertension	ET-1 receptors antagonists	↓ OB proliferation and differentiation ↓ type I collagen production ↑ OC resorption [71-73]
	Ranibizumab	Age-related macular degeneration	VEGF-A inhibitor	↓ VEGF-A ↓ osteogenesis [86,87]
				JAK1 inhibition
	Tofacitinib	Rheumatoid arthritis	JAK1/JAK3 inhibitor	osteoporotic bone phenotype [88] JAK1/JAK3 inhibition ↓ STAT3
				osteoclastogenesis [90]

c-Mpl, myeloproliferative leukemia virus oncogene; COMT, catechol-O-methyltransferase; CRBN, cereblon; ET-1, endothelin-1; Hcy, homocystein; ITP, immune thrombocytopenic purpura; JAK, Janus kinases; MAPK, mitogen-activated protein kinases; NFκB, nuclear factor-kappa B; NMDA, N-methyl-D-aspartate; OB, osteoblast; OC, osteoclast; sGC, soluble guanylate cyclase; VEGF, vascular endothelial growth factor;

The interpretation of data in the present study represents the opinions of the authors only and not those of the WHO or ANSM (Agence Nationale de Sécurité du Médicament et des produits de santé, France).
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Disproportionality analysis

Drugs already known to induce osteoporosis and/or increase the fracture risk

The adjusted RORs (aRORs) [95%CI] were significant for PPIs (12.12 [6.79-24.21]), thiazolidinediones (1.80 [1.11-2.82], heparins (3.69 [2.75-4.92]), high-ceiling diuretics (2.37 [1.19-4.84]), systemic, inhaled and topical corticosteroids (14.14 [13.17-15.18], 2.55 [2.02-3.24] and 13.06 [12.17-14.00], respectively), antiandrogens (7.76 [3.78-14.84 1 and2.

These results were consistent with sensitivity analyses (Supplementary Figures S1-S42), with the exception of the following drugs. The aROR for heparin was not significant in the broad SMQ (0.69 [0.58-0.81], Supplementary Figure S5) but was significant in the fractures subset (3.69 [2.72-5.00], Supplementary Figure S6)), The aROR for thyroid hormones was not significant in the broad SMQ (0.83 [0.62-1.08], Supplementary Figure S17) but was significant in the fractures subset (2.65 [1.75-3.81], Supplementary Figure S18)). The aROR for opioids was significant in the broad SMQ (1.67 [1.47-1.89], Supplementary Figure S29) and not in the fractures subset (1.21 [0.83-1.71], Supplementary Figure S30)). The aROR for benzodiazepine-related hypnotics and sedatives was significant in the broad SMQ (1.34 [1.12-1.60], Supplementary Figure S29) but not in the fractures subset (0.55 [0.22-1.14], Supplementary Figure S30)). The aROR for retinoids in treatment of psoriasis was significant in the fractures subset (6.16 [1.44-42.22], Supplementary Figure S12).

For VKAs, the aROR was significant after removing the SMQ "Haemorrhages" from the analysis (1.68 [1.52-1.86], Figure 3) but not before (0.37 [0.31-0.44]; Supplementary Figures S4-S6). The RORs were not significant for platelet aggregation inhibitors, even the SMQ "Haemorrhages" had been removed from the analysis.

In group R of the ATC classification system, the aRORs were significant for omalizumab (2.38 [1.67-3.29]) and mepolizumab (2.94 [1.51-5.12], Figure 2).

In group S of the ATC classification, the aROR was significant for ranizumab (3.31 [1.00-10.51], Figure 2).

In group V of the ATC classification, the RORs were significant for iron-chelating agents (4.20 

DISCUSSION

Our results are in line with the literature data and provide a comprehensive overview of drugs associated with osteoporosis and the risk of fracture. Furthermore, we report on new disproportionality signals for (i) drugs previously linked via clinical studies to a lower BMD and/or a higher fracture risk, (ii) drugs whose pharmacological properties provide a rationale for a potential effect on bone metabolism, and (iii) drugs that do not belong to either of the previous categories.

Drugs with previously published clinical data on a potential association with osteoporosis

The aRORs were significant for the vast majority of drugs already known to induce osteoporosis and/or increase the fracture risk, namely systemic, inhaled and topical glucocorticoids, GnRH
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