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Introduction

It has been well-established that patients with obesity present higher areal bone mineral density (aBMD) than normal-weight subjects [START_REF] Andersen | Bone structure and estimated bone strength in obese patients evaluated by high-resolution peripheral quantitative computed tomography[END_REF][START_REF] Bredella | Determinants of bone mineral density in obese premenopausal women[END_REF][START_REF] Sornay-Rendu | In obese postmenopausal women, bone microarchitecture and strength are not commensurate to greater body weight: The Os des Femmes de Lyon (OFELY) study[END_REF][START_REF] Evans | Bone Density, Microstructure and Strength in Obese and Normal Weight Men and Women in Younger and Older Adulthood[END_REF][START_REF] Beck | Does obesity really make the femur stronger? BMD, geometry, and fracture incidence in the women's health initiative-observational study[END_REF]. In a large cross-sectional study that included more than 500 obese patients with ages ranging from 18 to 82 years, we observed that this phenomenon was accentuated with obesity severity and age and in women compared to men [START_REF] Maimoun | Impact of obesity on bone mass throughout adult life: Influence of gender and severity of obesity[END_REF]. The increase in body weight that is associated with bone mass gain [START_REF] Maimoun | Impact of obesity on bone mass throughout adult life: Influence of gender and severity of obesity[END_REF][START_REF] Maimoun | Modification of Muscle-Related Hormones in Women with Obesity: Potential Impact on Bone Metabolism[END_REF] may accentuate the mechanical loading on the skeleton, and it has been identified as the major factor influencing the gain of bone mass in this population [START_REF] Andersen | Bone structure and estimated bone strength in obese patients evaluated by high-resolution peripheral quantitative computed tomography[END_REF]. Indeed, bone is an adaptive tissue that has the capacity to modify its microarchitecture and mass in response to a mechanical stimulus [START_REF] Frost | The role of changes in mechanical usage set points in the pathogenesis of osteoporosis[END_REF]. Nevertheless, the concomitant increase in aBMD in non-weightbearing bone, such as the radius [START_REF] Sornay-Rendu | In obese postmenopausal women, bone microarchitecture and strength are not commensurate to greater body weight: The Os des Femmes de Lyon (OFELY) study[END_REF][START_REF] Maimoun | Impact of obesity on bone mass throughout adult life: Influence of gender and severity of obesity[END_REF][START_REF] Maimoun | Modification of Muscle-Related Hormones in Women with Obesity: Potential Impact on Bone Metabolism[END_REF], suggests that the circulating molecules related to obesity, in addition to the gravitational forces associated with increased body weight, also act on the bone tissue in these patients. Among these molecules produced by adipose tissue, increased leptin production [START_REF] Kontogianni | Blood leptin and adiponectin as possible mediators of the relation between fat mass and BMD in perimenopausal women[END_REF][START_REF] Pasco | Serum leptin levels are associated with bone mass in nonobese women[END_REF] and oestrogen synthesis by adipocytes [START_REF] Reid | Relationships among body mass, its components, and bone[END_REF][START_REF] Bredella | Determinants of bone microarchitecture and mechanical properties in obese men[END_REF] have been found to have positive actions on bone mass. Muscle-secreted factors, defined as "myokines", also biochemically affect bone metabolism in both paracrine and endocrine manners [START_REF] Hamrick | Bone mineral content and density in the humerus of adult myostatin-deficient mice[END_REF]. In the obese population, we recently demonstrated that this action may be mediated mainly by irisin and not by follistatin or myostatin [START_REF] Maimoun | Modification of Muscle-Related Hormones in Women with Obesity: Potential Impact on Bone Metabolism[END_REF]. Given these findings, a lesser favourable environment for bone mass may result from a rapid and intense loss of body weight after bariatric surgery (BS) in obese patients. Numerous studies, mostly based on Roux-en-Y gastric bypass (RYGB), the most frequently performed bariatric procedure worldwide until very recently [START_REF] Paccou | Bariatric surgery and skeletal health: A narrative review and position statement for management by the European Calcified Tissue Society (ECTS)[END_REF], have reported that this surgery has a negative impact on bone health that is characterised by a decrease in aBMD, an increase in bone turnover markers and an alteration in bone microarchitecture parameters [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF][START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF][START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF]. The resulting increase in the risk of fractures [START_REF] Paccou | Gastric Bypass But Not Sleeve Gastrectomy Increases Risk of Major Osteoporotic Fracture: French Population-Based Cohort Study[END_REF] should prompt us to better identify the underlying mechanisms involved. In fact, the negative effects of BS on bone metabolism are multifactorial and may involve a deficiency in nutritional factors, alterations in gut-derived hormones and adipokines and changes in body composition [START_REF] Gagnon | Bone Health After Bariatric Surgery[END_REF]. Moreover, the strong association between the amount of weight loss and the extent of postoperative bone loss also suggests an important role of the reduced mechanical loading in bone health [START_REF] Fleischer | The decline in hip bone density after gastric bypass surgery is associated with extent of weight loss[END_REF]. This process may be mediated by the increase in sclerostin levels [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF]. In addition, periostin, a matricellular protein of 90 kD secreted by osteocytes and osteoblasts [START_REF] Rani | Periostin-like-factor and Periostin in an animal model of work-related musculoskeletal disorder[END_REF][START_REF] Bonnet | The matricellular protein periostin is required for sost inhibition and the anabolic response to mechanical loading and physical activity[END_REF], which plays a crucial role in bone formation partly by promoting osteoblast differentiation and proliferation [START_REF] Zhu | Periostin-like-factor in osteogenesis[END_REF], may be also modified. Experimental preclinical studies have demonstrated that an increase in mechanical constraints using, for example, an axial compression load on mouse tibia [START_REF] Bonnet | The matricellular protein periostin is required for sost inhibition and the anabolic response to mechanical loading and physical activity[END_REF] or intensive training [START_REF] Rani | Periostin-like-factor and Periostin in an animal model of work-related musculoskeletal disorder[END_REF] results in the overexpression of periostin and the downregulation of sclerostin [START_REF] Bonnet | The matricellular protein periostin is required for sost inhibition and the anabolic response to mechanical loading and physical activity[END_REF]. Until now, lower periostin values were observed in young obese women [START_REF] Maimoun | Specific Effects of Anorexia Nervosa and Obesity on Bone Mineral Density and Bone Turnover in YoungWomen[END_REF] and subjects with higher BMIs [START_REF] Caswell-Smith | Reference ranges for serum periostin in a population without asthma or chronic obstructive pulmonary disease[END_REF]. Higher aBMD, which reduces the perception of external mechanical strain [START_REF] Maimoun | Specific Effects of Anorexia Nervosa and Obesity on Bone Mineral Density and Bone Turnover in YoungWomen[END_REF] and the systemic inflammation observed in obese patients, may explain the reduction in periostin levels [START_REF] Adabimohazab | Does Inflammation Mediate the Association Between Obesity and Insulin Resistance?[END_REF][START_REF] Varughese | Serum periostin levels following small bone fractures, long bone fractures and joint replacements: An observational study[END_REF]. Other biological parameters, such as semaphorin 4D (SEMA4D), may potentially affect bone loss after BS, given that serum levels in osteoporotic postmenopausal women were found to be negatively correlated with lumbar spine aBMD and bone turnover markers [START_REF] Zhang | Serum Sema4D levels are associated with lumbar spine bone mineral density and bone turnover markers in patients with postmenopausal osteoporosis[END_REF]. SEMA4D is a transmembrane protein secreted by osteoclasts that binds to its receptor PlexinB1 on osteoblasts to inhibit their differentiation and function [START_REF] Negishi-Koga | Suppression of bone formation by osteoclastic expression of semaphorin 4D[END_REF]. However, until now, the implication of periostin and SEMA4D in bone loss following BS has not been investigated.

The aims of this study were to (i) follow the variation in aBMD in various weight bearing and non-weight-bearing bone sites after sleeve gastrectomy (SG) over a 24-month period, (ii) determine the variation in periostin, sclerostin and SEMA4D levels in acute weight loss and weight stabilisation periods and (iii) determine the main clinical and biochemical parameters associated with aBMD variation.

Materials and Methods

Subjects and Method

This study followed a longitudinal design. The evaluation was performed the day before the operation (baseline) and 1, 12 and 24 months after the procedure. Study approval was obtained from the Regional Research Ethics Committee (Sud Méditerranée I, Marseille, France; ID RCB: 2015-A01047-42) and permission for the clinical trials was granted by the French Health Products Safety Agency. Written informed consent was obtained from all participants. The clinical trial number is NCT02712086.

Subjects

Eighty-three Caucasian patients were recruited from a waiting list of candidates for obesity surgery at the Obesity Reference Centre, CHU Montpellier, France, from November 2016 to June 2018. The data were collected from November 2016 to June 2020. Patients were selected for surgery if other treatments for weight loss had failed and if BMI was >40 kg/m2 (severe obesity) or >/=35 kg/m2 with the presence of obesity-related comorbidities such as type 2 diabetes (T2D), arterial hypertension or sleep apnoea syndrome. These patients had a longstanding history of obesity (more than 4 years) and none of the included patients had undergone BS. Exclusion criteria were pregnancy, acute medical treatment and physical handicap (amputation, neurological lesion, orthopaedic prosthesis) that might interfere with bone mass. None of the patients were taking a medication known to affect bone metabolism or presented with primary amenorrhoea. Physical activity levels were not specifically determined, but none were participating in a training program on the day of inclusion. Moreover, patients with a body weight > 190 kg or height > 192.5 cm were also excluded due to limitations of the densitometry device. Medical history and current medications were obtained by questionnaire. All the bariatric surgery procedures were SG, which consists of resecting most of the greater curvature to reduce gastric size and leave a narrow stomach tube. SGs were performed in a single institution.

Methods

For each visit, weight and standing height were measured and BMI was calculated as weight (kg) divided by the square of height (m).

ComorbiditiesWere Defined According to the Usual Definitions

T2D was defined as HbA1c >/= 6.5% and/or fasting glycaemia >/=7 mmol/L and/or antidiabetic treatment [START_REF] Ray | Effects of alirocumab on cardiovascular and metabolic outcomes after acute coronary syndrome in patients with or without diabetes: A prespecified analysis of the ODYSSEY OUTCOMES randomised controlled trial[END_REF].

Arterial hypertension (HTA) was defined as systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg and/or use of antihypertensive medications [START_REF] Geldsetzer | The state of hypertension care in 44 low-income and middle-income countries: A cross-sectional study of nationally representative individual-level data from 1.1 million adults[END_REF].

Vitamin D deficiency was defined as a 25-OH vitamin D level of <20 ng/mL, and vitamin D insufficiency was defined as a 25-OH vitamin D level of 21-29 ng/mL [START_REF] Souberbielle | Vitamin D Supplementation in France in patients with or at risk for osteoporosis: Recent data and new practices[END_REF].

Assays

Blood samples (25 mL) were collected in fasting conditions in the morning (8:30-9:00 a.m.) in sterile chilled tubes by standard venepuncture technique. The samples were allowed to clot at room temperature and were then centrifuged at 2500g rpm for 10 min at 4 °C. Serum samples were stored at -80 °C until analysis. All samples were run in duplicate and analysed in a single session to reduce inter-assay variation. The dates of the female patients' last menses were not recorded, and hormonal values were thus obtained at an unsynchronised menstrual stage.

Calcium, phosphorus, albumin, 25-OH vitamin D and intact parathyroid hormone (iPTH) were routinely analysed by an automated Cobas (Roche Diagnostic, Mannheim, Germany). For the markers of bone remodelling, serum samples were assayed using an IDS-iSYS system (Immunodiagnostic Systems, Boldon, UK) analyser for osteocalcin (OC) and type I-C telopeptide breakdown products (CTX). The inter-and intra-assay coefficients of variation (CVs) for the latter two parameters were <7%.

Serum sclerostin, periostin and SEMA4D were measured with quantitative sandwich ELISA kits from Biomedica (Vienna, Austria; references: BI-20492, BI-20433 and BI-20405). The intra-assay and inter-assay CVs were </=10%, </=6% and </=11%, respectively.

Areal Bone Mineral Density

DXA (Hologic Horizon A, Hologic, Inc.,Waltham, MA, USA) measured aBMD (g/cm2) of the whole body and at specific bone sites: the anteroposterior lumbar spine (L1-L4), the dominant arm distal radius and total hip. All scanning and analyses were performed by the same operator to ensure consistency after following standard quality control procedures. Quality control for DXA was checked daily by scanning a lumbar spine phantom consisting of calcium hydroxyapatite embedded in a cube of thermoplastic resin (Hologic DXA quality control phantom). Identical and accurate positioning of the region of interest was ensured by superimposing the image from the first session (before SG) on the image from the second, third and fourth sessions (1 month, 1 year and 2 years after SG). The CVs were 1.25% for spine, 1.6% at the total hip, 1.94% for femoral neck [START_REF] Reitshamer | Cross-Calibration of Prodigy and Horizon A Densitometers and Precision of the Horizon A Densitometer[END_REF]. For whole body, total hip, lumbar spine and one-third radius, T-scores and Z-scores were obtained from reference data. The Tscore describes the number of standard deviations (SDs) by which BMD differs from the mean value expected in young healthy individuals, while the Z score describes the number of SDs by which BMD differs from the mean value expected for age and sex.

Osteopenia and Osteoporosis Definitions

Osteopenia and osteoporosis were defined according to WHO criteria [START_REF] Kanis | The diagnosis of osteoporosis[END_REF]: osteopenia by the lowest T-score at the spine or hip between -1 and -2.5 SD and osteoporosis by a T-score at the spine or hip </=-2.5 SD. Normal bone density was defined by a T-score at the spine and total hip >/=-1 SD.

Statistical Analysis

The characteristics of the individuals were described with numbers and proportions for categorical variables and with means and SDs for quantitative variables after normality testing with the Shapiro-Wilk test.

Paired Wilcoxon or paired Student's tests were used, depending on the normality of the distribution, to compare the relative variations (100 x (measure 2 -measure 1)/measure 1) between baseline and 1, 12 and 24 months for the patients' biological parameters and between baseline and 12 and 24 months for aBMD.

Linear regression models were performed to analyse the influence of the percentage (%) of the relative variations in various anthropometrical and biological variables on whole body aBMD, total hip aBMD, lumbar spine aBMD and radius aBMD between baseline and 12 and 24 months. Backward selection based on the Akaike Information Criterion was applied in all the multivariable models. Collinearity between factors was tested with variance inflation factors. To test the validity of the model, the normality of residues was tested with the Shapiro-Wilk test.

All analyses were two-tailed, with a p-value of <0.05 considered statistically significant. SAS® Enterprise Guide software (version 8.2, SAS Institute, Cary, NC, USA) was used to perform the analyses, and graphs were generated using R statistical software (www.rproject.org, accessed on 7 October 2023, version 4.1.3) with the ggplot2 package (version 3.4.0).

Results

Anthropometric Parameters

At baseline, this study included 83 patients with obesity, 21 men (25.3%) and 62 women (74.7%); of the women, 16 (25.8%) were menopausal (mean age of menopause 47.7 +/-5.2 years). The mean age was 40.8+/-12.3 years (ranging from 18.4 to 60.0 years), and the mean baseline BMI was 40.7 +/-4.2 kg/m2 (Table 1). The mean weight loss was -10.0+/-2.6 kg after 1 month, -32.5 +/-9.6 kg after 12 months and -31.1 +/-11.5 kg after 24 months (all p < 0.001). During the follow-up, some patients withdrew from this study (Figure 1): at 1 month, two patients (one use of protein supplementation before the surgery and one withdrawal of informed consent); at 12 months, seven patients (one patient died, one became pregnant, and five were lost to follow-up or no longer wished to participate in this study); 24 months, 16 patients (patients lost to follow-up or no longer wishing to participate in this study).

Biological Parameters

All the biological parameter variations are presented in Table 1 and Figure 2. No initial calcium or phosphorus variation occurred, whereas calcium was modestly decreased at 12 and 24 months (-0.9 and -1.4%, respectively, p < 0.001 for both) and phosphorus transiently increased at 12 months (11.3%, p < 0.001). Serum iPTH and albumin levels remained relatively stable throughout the 24-month period, whereas 25(OH)D3 levels were significantly increased at 12 and 24 months (p < 0.001) after surgery. The prevalence of patients presenting 25(OH)D3 deficiency was 39.8% before surgery and 37.5% at 1 month, 14.9% at 12 months and 18.3% at 24 months after surgery.

Osteocalcin and especially CTX values increased after 1 month and peaked at 12 months. From 12 to 24 months, these two bone turnover markers decreased, but the values did not return to baseline levels. Although these two parameters presented similar kinetic profiles, the magnitude of difference compared to baseline values was higher for CTX than for osteocalcin. At 1 month, periostin and sclerotin values showed a modest but significant 12% increase (p < 0.001 for both) but had returned to basal values after 12 months. Sclerostin levels continued to decrease after 12 months to reach a value lower than baseline at 24 months (p < 0.010). No initial variation in SEMA4D levels was observed at 1 month, although a modest but significant decrease (10.5% and 11.8%, respectively) occurred after 12 and 24 months (p < 0.001 for both).

Areal Bone Mineral Density

The baseline and changes in aBMD values at 12 and 24 months after SG are presented in Table 2 and Figure 3. At baseline and for all bone sites, patients with obesity presented Zscore values higher than zero, indicating that the aBMD was above the age and gender-related reference values. This bone adaptation was particularly marked at total hip (1.09 +/-0.97 SD) and at one-third radius (2.11 +/-1.45 SD).

After 12 and 24 months, a relative stability of aBMD was observed at whole body, lumbar spine and one-third radius, whereas a significant decrease was observed at femoral neck (-5.4% and -5.8%) and total hip (-6.6% and -7.9%). Nevertheless, at total hip, the % relative variation ranged from -19.5 to 2.9% at 12 months and -19.4 to 2.9% at 24 months, both denoting large inter-individual variations. After 12 and 24 months, mean Z-scores remained above zero for all bone sites. Using the WHO classification, 2.4% and 10.8% of patients were diagnosed with osteopenia at baseline when total hip or lumbar spine were used for the diagnosis, whereas, respectively, none and one was diagnosed with osteoporosis. At lumbar spine, the prevalence of osteopenia or osteoporosis did not vary postoperatively, but at total hip, the prevalence of osteopenia increased modestly by 6.6% and 8.3% at 12 and 24 months, respectively.

Predictors of aBMD Variation

Univariate analysis revealed that various parameters (basal or variations), depending on the bone site (i.e., whole body, hip regions, lumbar spine or radius) or the time point (i.e., 12 or 24 months) were associated with % relative variation aBMD. These included iPTH, osteocalcin, periostin, sclerostin, SEMA4D, 25(OH)D3, gender and weight. However, when multivariate analysis was performed, only weight change appeared strongly and independently associated with % relative variation aBMD at weight-bearing bone (i.e., hip regions), well as non-weight-bearing bone, including lumbar spine (at 12 months only) and radius (12 and 24 months). To a lesser extent, other parameters such as iPTH, osteocalcin, periostin, sclerostin, SEMA4D, albumin, 25(OH)D3 and CTX also appeared partially associated with weight change, depending on the bone site or the time lag of investigation. The influence of various anthropometric and biological variables on aBMD variation at 12 and 24 months are presented in detail in Supplementary Materials (Tables S1-S8).

Discussion

This study was designed to improve our knowledge on the factors that may influence aBMD loss after SG, and it especially sought to determine whether the reduction in mechanical loading on the skeleton due to the extreme body-weight loss would influence periostin, sclerostin and SEMA4D levels. The main findings showed a persistent decrease in aBMD throughout the 24 months after SG, but with a site-dependent effect. The bone loss was concomitant to an uncoupling between bone formation and bone resorption activities that persisted despite the attainment of a new steady state in weight. Periostin, sclerostin and SEMA4D levels were also modified after SG, but with different time lags.

aBMD

As suggested by Matos et al. [START_REF] Matos | Changes in bone mass and body composition after bariatric surgery[END_REF], BS provides a unique condition in which an extreme variance from high to reduced body-weight-bearing is perceived by the individual in a very short period. Consequently, biomechanical effects should occur mainly in bone areas submitted to higher load bearing. In accordance with this assumption, at 12 months, a noticeable and significant decrease in aBMD was mainly observed at femoral neck (-5.4%) and total hip aBMD (-6.6%), while at whole body, lumbar spine and radius, the aBMD variations were within the precision error of the DXA measurement. Between 12 and 24 months, the loss continued at femoral neck and total hip, but the decrease was slowed down compared to the first 12 months (-5.8% and -7.9%, respectively). Using a similar surgical procedure, Hofso et al. [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF] reported a similar aBMD loss around 5% at femoral neck and 7.8% at total hip, while at lumbar spine and whole body, minor variations occurred after 12 months. A recently published meta-analysis including 22 studies [START_REF] Ou | Changes in bone mineral density after bariatric surgery in patients of different ages or patients with different postoperative periods: A systematic review and meta-analysis[END_REF] noted an obvious aBMD loss at femoral neck and none at lumbar spine. This conclusion should be considered with caution, as some of the included studies reported an aBMD decrease at lumbar spine [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF]. The type of population under study or the degree of weight loss may partially explain these divergent results. Moreover, a recent meta-analysis underlined that, having QCT and HR-pQCT as a reference, DXA was found to significantly underestimate lumbar spine post-RYGB aBMD losses [START_REF] Hernandez-Martinez | Changes in volumetric bone mineral density and bone quality after Roux-en-Y gastric bypass: A meta-analysis with meta-regression[END_REF].

To our knowledge, although the analysis of non-weight-bearing bone (i.e., radius) may improve our understanding of the potential effects of endocrine modifications independently of mechanical loading, no data on aBMD variations following SG are available. After 12 and 24 months, we observed a limited decrease in aBMD, around 2% at radius, but the Z-score remained much higher compared to the reference values (+1.95 SD). Using another technique (i.e., HR-pQCT) and surgical procedure (i.e., RYGB), Shanbhogue et al. [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF] also reported a minimal variation in volumetric BMD (vBMD) at the trabecular and cortical compartments of the radius after 12 months, while at 24 months, a decline in total vBMD occurred, mainly due to an alteration the trabecular compartment [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF]. This suggests that an energy deficit and changes in adipose or gastrointestinal hormones could be additional contributors to BSinduced bone loss [START_REF] Nimmala | Changes in Sex Steroids and Enteric Peptides After Sleeve Gastrectomy in Youth in Relation to Changes in Bone Parameters[END_REF], but probably to a smaller extent than the reduction in mechanical loading.

In fact, although a noticeable aBMD decrease occurred after SG at the hip region, our data do not conclusively support an increased prevalence of osteopenia or osteoporosis over the 24 months. Several studies also reported a very low incidence of T-scores </=-2.5 SD according to the standard DXA definition [START_REF] Castro | Changes in the Bone Mineral Density after Sleeve Gastrectomy vs. Roux-En-Y Gastric Bypass 2 Years after Surgery[END_REF][START_REF] Lindeman | Bone Density and Trabecular Morphology at Least 10 Years after Gastric Bypass and Gastric Banding[END_REF]. In our study, it is further interesting to note that the bone loss, despite being low, continued after 12 months, whereas body weight was already stabilised. This finding supports the hypothesis that aBMD loss and fracture risk are not dependent only on weight loss and rather increase with observation time [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF][START_REF] Ben-Porat | Bone Health following Bariatric Surgery: Implications for Management Strategies to Attenuate Bone Loss[END_REF].

Bone Markers

The use of biochemical markers of bone turnover may have helped to elucidate the mechanisms involved in this bone loss. After SG, the variations in bone formation and bone resorption seem to have the same kinetic profile characterised by an initial increase from the third month, a peak at around 12 months and a decrease thereafter, but with values at 24 months always remaining higher than the basal values. Nevertheless, the bone formation marker (i.e., osteocalcin) level increased to a lesser extent than the bone resorption marker (i.e., CTX), suggesting an uncoupling of bone cell activities in favour of bone resorption. This process may explain the reduction in aBMD in the first 24 months. Moreover, the persistence of a high degree of bone turnover at the end of the follow-up may also suggest that aBMD loss is likely to continue for a longer time after BS and that aBMD monitoring by DXA should thus be performed beyond 24 months in these patients. Our results fully confirmed the recently published results of Paccou et al. [START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF], who studied a small group of 32 patients of both sexes and women with different menopausal status and found a similar profile of variation in bone turnover using procollagen type I N-terminal propeptide (PINP), another bone formation marker, and CTX after 12 and 24 months. Muschitz et al. [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF] performed a longitudinal study of 52 premenopausal women, using multiple evaluation points, and also showed an ongoing increase in CTX and PINP from 1 month to 12 months, and these values remained elevated at 24 months. Lastly, Hofso et al. [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF] studied obese patients of both sexes with T2D and women with different menopausal status and showed a progressive increase in PINP and CTX from 5 to 52 weeks after SG. Up to now, it has not been clear whether the type of surgery has specific effects on bone marker levels, with some studies reporting a greater detrimental effect of RYGB compared to SG [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF][START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF] and others finding no difference [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF].

Numerous factors may influence bone cell activities, including mechanical and endocrine factors. It was suggested that the increase in bone turnover following BS may be related to the increase in calcium and parathyroid hormone [START_REF] Salman | Secondary Hyperparathyroidism before and after Bariatric Surgery: A Prospective Study with 2-Year Follow-Up[END_REF]. However, as also previously observed, we reported no variation in either of these biological parameters [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF][START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF][START_REF] Nimmala | Changes in Sex Steroids and Enteric Peptides After Sleeve Gastrectomy in Youth in Relation to Changes in Bone Parameters[END_REF], even though presurgical and post-surgical elevated PTH was also reported [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF][START_REF] Salman | Secondary Hyperparathyroidism before and after Bariatric Surgery: A Prospective Study with 2-Year Follow-Up[END_REF]. At baseline, the obese patients presented lower mean values of vitamin D (<30 ng/mL) and, although the values increased with duration after surgery, they remained at the lower limits [START_REF] Souberbielle | Vitamin D Supplementation in France in patients with or at risk for osteoporosis: Recent data and new practices[END_REF]. As observed in our study, hypovitaminosis D is frequently reported in obese patients, possibly partially due to sequestration of vitamin D in subcutaneous and visceral fat [START_REF] Wortsman | Decreased bioavailability of vitamin D in obesity[END_REF]. It has been hypothesized that the reduction in adipose tissue, which releases stored vitamin D into the circulation associated with high vitamin D supplementation [START_REF] Shanbhogue | Bone structural changes after gastric bypass surgery evaluated by HR-pQCT: A two-year longitudinal study[END_REF][START_REF] Nimmala | Changes in Sex Steroids and Enteric Peptides After Sleeve Gastrectomy in Youth in Relation to Changes in Bone Parameters[END_REF], may partially explain the increase in vitamin D but strongly suggests the need for adapted vitamin D supplementation. It was reported that 39% of patients presented postoperative vitamin D deficiency despite daily multivitamin supplementation after a restrictive procedure such as SG [START_REF] Aarts | The gastric sleeve: Losing weight as fast as micronutrients?[END_REF].

Conversely to calciotropic hormones and the routinely used bone turnover markers, periostin, sclerostin and SEMA4D have been poorly or never evaluated after SG [START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF][START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF][START_REF] Nimmala | Changes in Sex Steroids and Enteric Peptides After Sleeve Gastrectomy in Youth in Relation to Changes in Bone Parameters[END_REF]. We reported for the first time an initial, transient and proportional increase in periostin and sclerostin at 1 month. However, over the first 12 months, and although OC and CTX remained elevated, periostin and sclerostin returned to basal values, suggesting their limited effect on bone cell differentiation and activities. A similar conclusion could be drawn after 24 months, where a modest decrease was observed for sclerostin alone. Our results concerning sclerostin fully confirm those of Paccou et al. [START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF] at 12 and 24 months, even though unfortunately no investigations in the acute phase were available in their study. In premenopausal women, Muschitz et al. [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF] reported that sclerostin increased from 1 month after BS, peaked at 6 months and remained higher than baseline up to 24 months, although the value decreased continuously. An increase in sclerostin was also observed in adolescents 12 months after SG [START_REF] Nimmala | Changes in Sex Steroids and Enteric Peptides After Sleeve Gastrectomy in Youth in Relation to Changes in Bone Parameters[END_REF]. The inconsistent results for sclerostin at 12 and 24 months following BS may be related to patient characteristics or the intensity of body-weight loss, but they seem to be independent of the type of surgery [START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF][START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF]. The acute reduction in mechanical loading induced by a 10 kg weight loss [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF] associated with the limited daily physical activity [START_REF] Armamento-Villareal | Weight loss in obese older adults increases serum sclerostin and impairs hip geometry but both are prevented by exercise training[END_REF] during the first month following BS may explain the increase in sclerostin levels. This assumption is based on experimental studies that demonstrated that sclerostin expression is upregulated under conditions of mechanical unloading and downregulated by mechanical stimulation [START_REF] Robling | Mechanical stimulation of bone in vivo reduces osteocyte expression of Sost/sclerostin[END_REF]. However, the involvement of sclerostin in post-surgical bone loss after BS remains questionable because its physiological action is to suppress osteoblast activity [START_REF] Krishnan | Regulation of bone mass by Wnt signaling[END_REF], which has not been currently or previously observed [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF][START_REF] Paccou | A comparison of changes in bone turnover markers after gastric bypass and sleeve gastrectomy, and their association with markers of interest[END_REF][START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF].

In parallel, an unexpected transient increase in periostin levels at 1 month was also observed. In fact, experimental studies demonstrated that a reduction in mechanical loading is associated with a concomitant deterioration in bone structure and a decrease in periostin gene expression [START_REF] Gerbaix | Periostin expression contributes to cortical bone loss during unloading[END_REF]. Conversely, an increase in mechanical constraints using an axial compression load on mouse tibia induced the overexpression of periostin and the downregulation of sclerostin [START_REF] Bonnet | The matricellular protein periostin is required for sost inhibition and the anabolic response to mechanical loading and physical activity[END_REF]. In humans, the effect of mechanical loading or unloading on circulating periostin levels remains more controversial [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF][START_REF] Vico | Cortical and trabecular bone microstructure did not recover at weight-bearing skeletal sites and progressively deteriored at non-weight bearing sites during the year following internartional space station missions[END_REF]. However, in the same unexpected way as after SG, we also reported a higher level of periostin in persons with spinal cord injury during the acute phase of immobilisation, when the bone loss is maximal, compared to the value in the chronic phase, when the bone loss is reduced [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF]. We [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF] and others [START_REF] Kim | Plasma periostin associates significantly with non-vertebral but not vertebral fractures in postmenopausal women: Clinical evidence for the different effects of periostin depending on the skeletal site[END_REF] interpreted this high periostin level as a "protective mechanism" or as a "compensatory mechanism" in the case of low bone mass or during an acute bone loss phase. The transient increase in periostin levels at 1 month-a period when weight loss and thus the variation in mechanical loading are maximal-could go in this direction. Nevertheless, the normalisation of sclerostin and periostin levels with the post-surgery duration, whereas bone turnover remains intense, argues for a limiting effect of periostin/sclerostin on induced SG-related bone loss.

From a more exploratory perspective, we report the SEMA4D variations after SG for the first time and note that the kinetics were characterised by a weak but significant decrease only at 12 and 24 months. SEMA4D is produced by osteoclasts and suppresses the differentiation and activity of osteoblasts [START_REF] Negishi-Koga | Suppression of bone formation by osteoclastic expression of semaphorin 4D[END_REF][START_REF] Wu | The role of Sema4D/CD100 as a therapeutic target for tumor microenvironments and for autoimmune, neuroimmune and bone diseases[END_REF], which does not coincide with the higher post-surgery bone formation values compared with baseline. We must, however, bear in mind that the role of this transmembrane protein in human bone has been little investigated. In one study, a higher serum SEMA4D level was observed in postmenopausal osteoporosis patients compared to healthy controls, and the concentrations were negatively correlated with lumbar spine aBMD [START_REF] Zhang | Serum Sema4D levels are associated with lumbar spine bone mineral density and bone turnover markers in patients with postmenopausal osteoporosis[END_REF], bone alkaline phosphatase and bone Gla-protein and positively correlated with markers of bone resorption (TRACP-5b and NTX) [START_REF] Zhang | Serum Sema4D levels are associated with lumbar spine bone mineral density and bone turnover markers in patients with postmenopausal osteoporosis[END_REF]. Similarly, Anastasilakis et al. [START_REF] Anastasilakis | Circulating semaphorin-4D and plexin-B1 levels in postmenopausal women with low bone mass: The 3-month effect of zoledronic acid, denosumab or teriparatide treatment[END_REF] reported a trend in postmenopausal women towards a negative correlation between SEMA4D levels and aBMD measured at lumbar spine but not at femoral neck.

Factors Influencing aBMD Loss

Although the bone loss appeared limited in terms of localisation (i.e., hip region) and intensity (~8%), a noticeable inter-individual variability was observed, which might be of help in identifying the factors influencing aBMD after SG. This may also be of clinical interest because fracture risk seems to increase in patients after BS [START_REF] Paccou | Gastric Bypass But Not Sleeve Gastrectomy Increases Risk of Major Osteoporotic Fracture: French Population-Based Cohort Study[END_REF]. Multivariate analysis clearly showed that weight change appeared to be the main parameter influencing aBMD. Interestingly, this effect was observed at weight-bearing (i.e., hip) and non-weight bearing (lumbar spine and radius) bone sites, suggesting a systemic effect of weight loss that does not appear to be mediated by sclerostin, periostin or SEMA4D. Age, gender and most of the biological parameters (iPTH and osteocalcin, except for a few sites and time points) were also not associated with the aBMD variations. Previous studies have also found that weight change correlated with femoral neck, total hip, lumbar spine and whole body aBMD loss [START_REF] Muschitz | Sclerostin levels and changes in bone metabolism after bariatric surgery[END_REF][START_REF] Cadart | Long-Term Effects of Roux-en-Y Gastric Bypass and Sleeve Gastrectomy on Bone Mineral Density: A 4-Year Longitudinal Study[END_REF][START_REF] Bredella | Effects of Roux-en-Y gastric bypass and sleeve gastrectomy on bone mineral density and marrow adipose tissue[END_REF][START_REF] Maghrabi | Two-year outcomes on bone density and fracture incidence in patients with T2DM randomized to bariatric surgery versus intensive medical therapy[END_REF]. However, other studies have observed that the effect of weight loss on aBMD loss was not independent of the effect of type of surgery [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF]. These findings indicate that gastric bypass per se elicits bone turnover and induces bone loss, and they do not support the idea that reduced aBMD after gastric bypass is solely a physiological adaption to a lower body weight [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF].

Taking into account the potential deleterious effects of weight loss, which reduces the mechanical loading applied on the skeleton, it will be interesting to evaluate strategies for restoring bone loading. In addition, previous clinical trials have demonstrated that physical exercise, combined or not with adequate supplementation (vitamin D, calcium and protein), is a practical approach to reduce the bone loss caused by bariatric surgery [START_REF] Campanha-Versiani | The Effect of a Muscle Weight-Bearing and Aerobic Exercise Program on the Body Composition, Muscular Strength, Biochemical Markers, and Bone Mass of Obese Patients Who Have Undergone Gastric Bypass Surgery[END_REF][START_REF] Muschitz | The Impact of Vitamin D, Calcium, Protein Supplementation, and Physical Exercise on Bone Metabolism after Bariatric Surgery: The BABS Study[END_REF]. Other studies are necessary to demonstrate whether this approach should be generalized for all patients undergoing bariatric surgery. The optimal components of physical exercise (frequency, intensity, type and duration) to improve these effects on bone health will also need to be determined, knowing that a low-dose exercise program had no favourable impact [START_REF] Jassil | Impact of nutritional-behavioral and supervised exercise intervention following bariatric surgery: The BARI-LIFESTYLE randomized controlled trial[END_REF].

Limitations and Strengths

We are aware that despite the lengthy follow-up of this study, an age-dependent aBMD loss may have occurred, but in the absence of a control group, we cannot be sure. However, the lack of aBMD variation at the lumbar spine and the reduction in bone turnover with time may suggest a limited effect of age. Our observational results are only generalizable to the same type of surgery-i.e., SG-as variations in aBMD between different surgical approaches, in particular RYGB, have been demonstrated [START_REF] Hofso | Bone Mineral Density and Turnover After Sleeve Gastrectomy and Gastric Bypass: A Randomized Controlled Trial (Oseberg)[END_REF][START_REF] Ou | Changes in bone mineral density after bariatric surgery in patients of different ages or patients with different postoperative periods: A systematic review and meta-analysis[END_REF]. Moreover, despite the relatively long time covered by our longitudinal study, we cannot exclude the possibility that other skeletal changes occur over a longer period, and this should be considered in future studies. Conversely, this study presents several strengths: (i) a long-time follow-up from the acute body weight loss period until weight stabilisation, (ii) a population that is representative of the current French population of obese patients who have undergone SG [START_REF]Chirurgie de L'obésité: 20 Fois Plus D'interventions Depuis[END_REF], (iii) a population limited only to patients with SG, which is currently the most frequently performed BS technique [START_REF] Hernandez-Martinez | Changes in volumetric bone mineral density and bone quality after Roux-en-Y gastric bypass: A meta-analysis with meta-regression[END_REF] and (iv) the concomitant evaluation of aBMD, bone turnover markers and biological markers that have been little or not yet analysed, thus providing an overview of the impact of SG on the skeleton in obese patients.

Conclusions

Our results demonstrated that SG induces an acute and sustainable high bone turnover during the first 24 months after surgery. This imbalance between bone formation and resorption activities is likely at the origin of the aBMD loss predominantly observed at mechanicalloading bone sites (i.e., hip and femoral neck). Periostin, sclerostin and SEMA4D levels varied after SG with different time lags, but contrary to weight loss, these biological parameters did not seem implicated in the skeletal deterioration.
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