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Editorial on the Research Topic 
Pathophysiology of bone and mineral metabolism


Bone plays a crucial role in maintaining overall systemic balance, but it is often affected by various chronic diseases and acute conditions, leading to bone mineral density loss. Aging, hormonal changes as well as factors like diet and physical activity also impact bone health. This vulnerability to multiple influences can reduce bone mineral density (BMD), increasing the risk of fractures, which are linked to higher mortality and cardiovascular disease. Treatments to prevent bone loss exist, including antiresorptive and osteoanabolic therapies. This Research Topic entitled “Pathophysiology of Bone and Mineral Metabolism” includes nine articles focusing on bone abnormalities in different diseases and treatments to prevent bone loss.
Wang et al. report the changes in serum calcium, vitamin D and parathyroid hormone (PTH) levels in women with pseudohypoparathyroidism (PHP), a rare disease affecting 1.2/100,000 people, during gestation and postpartum, when calcium metabolism is actually affected. The authors observed that high PTH levels could be predictors of a worsened calcium metabolism and treatment requirement and highlight the importance of controlling serum PTH concentration, calcium supplementation and calcitriol treatment during pregnancy to maintain normal calcium metabolism in PHP patients.
By Mendelian randomization analysis, Fu et al. studied the causal effects of blood homocysteine and serum levels of vitamins B6 and B12 on BMD at different bone sites and risk of fractures using public GWAS data from large-cohort studies. They found that the increased genetic prediction of homocysteine concentrations was causally associated with reduced heel BMD, and elevated genetic prediction of vitamin B12 had a causal impact on reduced total body BMD, especially at age over 45 years. However, there was no association of serum vitamins B6 and B12 or blood homocysteine concentrations with the risk of fracture. These observations encourage additional studies to clarify the existence of novel roles for B vitamins and homocysteine in the regulation of BMD and their use as potential treatments in the prevention of osteoporosis.
Another Mendelian randomization study conducted by Jiang et al. explores the causal association between BMD and osteoarthritis (OA) risk using data from a previous meta-analysis of total body BMD including 66,628 individuals and observed a causal association between higher genetic susceptibility to BMD and increased risk of OA, a link that can be of interest in clinical practices.
In a retrospective study, Wang et al. observed that patients with sepsis showed increased levels of serum markers of bone resorption as compared with non-sepsis controls. The authors also found higher concentrations piezo-type mechanosensitive ion channel component 1 (PIEZO1) in the serum of these patients, suggesting that circulating PIEZO1 could be associated with the inflammatory status in these patients. In addition, they suggest that serum levels of PIEZO1 together with concentration of markers of bone resorption may predict the occurrence of sepsis or sepsis sock, as well as increased mortality after 1 month.
In an interesting meta-analysis, Rajput et al. investigate the effects of two commonly used anti-resorptive therapies (bisphosphonates and denosumab), in the prevention of hypercalcemia and bone loss in primary hyperparathyroidism (PHPT). Their results showed that treatment with bisphosphonates and denosumab or denosumab alone results in higher BMD at the lumbar spine and femoral neck after 1 year, while bisphosphonate use only increased BMD at lumbar spine. All anti-resorptive treatments resulted in lower serum calcium concentration, increased serum PTH levels and lower serum concentration of markers of bone formation in PHPT patients, indicating that strong suppression of bone resorption by anti-resorptive therapy in PHPT may lead to the exacerbation of hyperparathyroidism despite of the improvement in BMD.
In a cross-sectional analysis including 10,564 elderly participants, Hou et al. studied the association between smoking status and serum levels of cotinine, a metabolite of nicotine, with bone loss (osteoporosis or osteopenia). They found that higher serum cotinine levels or being current smoker associated with higher prevalence of osteoporosis in three multivariate logistic regression models. Moreover, the authors demonstrated a positive correlation of serum cotinine levels and high prevalence of osteoporosis and osteopenia, suggesting possible mechanisms involving tobacco exposure in bone loss.
In an interesting study, Gómez-García et al. investigated the distinct bone and inflammatory profile of axial spondyloarthritis patients with or without radiographic features (r-axSpA or nr-axSpA respectively). They found that patients with r-axSpA have low plasma levels of bone formation markers as compared with controls, accompanied by low sclerostin concentration and higher levels of pro-inflammatory molecules. Notably, nr-axSpA patients had higher serum levels of the anti-inflammatory cytokine Interleukin 13 in comparison with r-axSpA patients and controls, which could exert protective effects on disease progression.
This Research Topic also includes two mini reviews, both focused on active areas of research in bone disease: On one hand, Aguilar et al. summarized current knowledge on the bone and mineral complications associated with chronic kidney disease (CKD-MBD), one of the most important factors increasing hip fracture occurrence together with aging. They address important Research Topic such as the need of performing a bone biopsy, factors that may affect diagnosis of bone disorders, the detrimental effects of secondary hyperparathyroidism and the mechanisms involved in bone alterations, as well as the use of current anti-osteoporotic treatments in CKD. On the other hand, Bathina and Armamento-Villareal revised the mechanisms involved in the imbalance of osteogenic-adipogenic differentiation in type 2 diabetes (T2DM) and obesity at cellular level, such as inflammation and oxidative stress. It is important to note that both, T2DM and obesity, are associated with an increased risk of fractures, highlighting the role of bone as an orchestrator of metabolic homeostasis. Furthermore, in this comprehensive review, the authors discuss the effectiveness of current treatments and drug repurposing on increasing bone formation in T2DM and obesity patients.
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Objectives

Pseudohypoparathyroidism (PHP) is a rare disease, especially when combined with pregnancy. We aimed to explore the changes in serum calcium/parathyroid hormone (PTH) level and medical treatment in a case series of PHP during pregnancy and the postpartum period.



Methods

A total of five PHP patients with six pregnancies were enrolled. The classification of PHP was based on (epi)genetic analysis. Clinical characteristics, biochemical indices, and treatment strategies before, during, and after pregnancy were retrospectively collected.



Results

All patients received calcium and vitamin D agents with nearly normal serum calcium before pregnancy except patient 2 who was found hypocalcemic during gestation. All patients chose Cesarean section, and one suffered preterm delivery due to oligoamnios. The neonatal birth weight ranged from 2,250 to 4,300 g, and all neonates were free of hypocalcemia-related symptoms. The change in calcium metabolism was inconsistent including stable, improved, or worsened during pregnancy. Serum PTH level remained low in the first two trimesters in patients with stable and improved conditions while increased in the last two trimesters in patients with a worsened condition. Serum calcium changed inconsistently while PTH increased consistently during lactation. For patients who did not breastfeed, calcium homeostasis improved after delivery.



Conclusion

Calcium homeostasis and medicine dosage changed differently in PHP patients during pregnancy and lactation. However, most patients had good pregnancy outcomes. Serum PTH levels might predict changes in calcium metabolism during pregnancy.





Keywords: pseudohypoparathyroidism, pregnancy, lactation, serum calcium, serum PTH, treatment



1 Introduction

Pseudohypoparathyroidism (PHP) is a rare endocrine disease characterized by resistance to the action of the parathyroid hormone (PTH), which is divided into PHP1 caused by (epi)genetic defects of GNAS gene which encodes stimulatory guanine nucleotide-binding protein (Gsα) PHP1a and PHP1b are the main subtypes of PHP1. PHP1a is caused by heterozygous loss-of-function mutations in maternally inherited GNAS exons 1–13, while PHP1b is caused by abnormal methylation at differentially methylated regions (DMRs) of the GNAS gene. Aside from PTH resistance, PHP1a patients also develop resistance to other hormones, such as thyroid-stimulating hormone (TSH), calcitonin, and growth hormone-releasing hormone (GHRH). In addition, patients with PHP1a can display Albright hereditary osteodystrophy (AHO) features characterized by short stature, brachydactyly, obesity with a round face, and heterotopic ossifications. PHP1b patients mainly manifest PTH resistance and are used to be considered free of the AHO phenotype. Recent studies showed that some PHP1b patients also develop TSH resistance and some AHO features, indicating an overlap between clinical features of both subtypes of PHP1 (1).

Since PTH is one of the most essential peptide hormones for calcium and phosphorus homeostasis, patients with PHP suffer from hypocalcemia, hyperphosphatemia, and high serum PTH level. At present, the treatment for PHP includes calcium and active vitamin D to maintain a normal serum calcium level and reduce the PTH level to normal range as much as possible (1).

Pregnancy and lactation are two periods in which calcium homeostasis changes greatly. During pregnancy, intestinal calcium absorption increases to ensure adequate fetal skeleton mineralization, with approximately 80% of the mineral accruing in the fetus in the third trimester (2). Many calcium-regulated hormones change markedly during this period, including PTH, PTH-related peptide (PTHrP), and calcitriol. According to previous studies, serum PTH typically declines to low levels at the early stage and then return to the mid-normal range by term when the calcium intake is sufficient. This suppression may not occur (or even secondary hyperparathyroidism may develop) in women whose calcium intake is insufficient (2). The PTHrP level progressively increases to reach peak levels in the third trimester, which is most likely secreted by the placenta and breasts. The calcitriol level begins to increase in the first trimester and may reach triple or more of the preconception level by the third trimester. However, the ionized or albumin-corrected serum calcium level is stable. Different from the pregnancy period, which relies mainly on increased intestinal calcium absorption to meet fetal calcium needs, increased skeletal resorption contributes to the majority of calcium requirements during lactation. This is consistent with the decline of serum calcitriol level to normal concentration. The PTH level is still typically suppressed toward the lower end of the normal range during lactation, while some studies have reported increased PTH in women from regions of Africa and Asia in which low calcium and vitamin D intakes are more prevalent. The PTHrP level remains high and the ionized or albumin-adjusted calcium level is normal to slightly increased in breastfeeding women (2).

For patients with PHP, the change in calcium metabolism during gestation and lactation is different from that of unaffected women. It is important to adjust medicine dosage in time to maintain calcium homeostasis for both maternal and fetal health. However, according to the limited previous case reports, the change in serum calcium level in PHP patients during pregnancy is inconsistent and the requirements of medication can change dramatically (3). Some patients had improved outcomes during pregnancy with abated hypocalcemic symptoms, normocalcemia, decreased to near-normal PTH level, and discontinuation of supplemental vitamin D agents (4), while other reports showed that the dose of calcium and/or active vitamin D had to be increased in PHP women during pregnancy (5–7). The data regarding mineral homeostasis in PHP patients during lactation are extremely rare. Only one case report published in 2017 was found (8).

Due to the rarity of the disease, the mechanism of the different reactions of PHP patients to pregnancy is still unknown. The aim of this study was to report a case series of pregnant women affected by PHP to help evaluate the clinical and biochemical course and pharmacological management during pregnancy and the postpartum period.



2 Subjects and methods


2.1 Subjects

PHP patients who were followed at the Endocrinology Clinic of the Peking Union Medical College Hospital (PUMCH) and pregnant during 2010 and 2021 were included in this study. The diagnostic criteria of PHP were PTH resistance and/or ectopic ossifications, and/or multiple hormone resistance including TSH resistance, and/or AHO (1). The further classification relied on (epi)genetic analysis of the GNAS gene, which was conducted and published previously (9). A total of five patients, including six pregnancies, were finally enrolled in the study. Three of them were diagnosed as PHP1b, and one was PHP1a. Patient 5 did not undergo gene detection, so her PHP type was not confirmed.



2.2 Data collection


2.2.1 Clinical investigation

All of the clinical information was retrospectively obtained from the Hospital Information System of PUMCH. The PHP-related information included onset age, onset symptoms (e.g., muscle cramps, paresthesia, and seizures), treatment (dose of vitamin D agents and calcium), and complications of PHP (e.g., cataract screened by a slit lamp, renal stones/calcification screened by abdominal ultrasound, and intracranial calcification evaluated by cranial computed tomography). Pregnancy- and postpartum-related data included age of pregnancy, duration of the disease, maternal comorbidities and complications during pregnancy, pregnancy outcomes, delivery mode, birth weight, neonatal symptoms, and duration of lactation.



2.2.2 Laboratory examinations

Serum biochemical indices, including total calcium (Ca), phosphorus (P), alkaline phosphatase, creatinine, and alanine aminotransferase, were measured using a Beckman automatic biochemical analyzer (AU5800; Beckman Coulter, CA, USA). The serum PTH level and total 25-hydroxyvitamin D (25OHD) level were measured using an electrochemiluminescence immunoassay (e601; Roche Cobas, Germany). Calcium homeostasis can be divided into three conditions based on the changes in serum calcium and drug dosage, including improved, worsened, and stable. Given that the serum total calcium level can be slightly decreased due to the physiological reduction of the serum albumin level, patients whose serum calcium level declined obviously (defined as a decline of >0.20 mmol/L) with stable medicine dosage were described as worsened. Patients who had increased serum calcium level with stable/reduced medicine requirement were described as improved. Patients with stable serum calcium levels (including patients with a decline in the serum total calcium level <0.2 mmol/L) and unchanged drug dosage were described as stable (10).



2.2.3 Molecular analysis


2.2.3.1 DNA extraction

Genomic DNA was extracted from peripheral leukocytes using the QIAGEN DNA extraction kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.



2.2.3.2 Detection of GNAS mutations

The primers for GNAS were previously described (11). Sequencing of STX16 and GNAS was performed using the chain-termination method on an automatic sequencer (Applied Biosystems 3730 Genetic Analyzer, Foster City, CA, USA). Mutation taster (http://mutationtaster.org/) was used to predict the pathogenicity of the mutations.



2.2.3.3 Analysis of GNAS-A/B:TSS-DMR, GNAS-NESP : TSS-DMR, GNAS-AS1:TSS-DMR, GNAS-XL : Ex1-DMR, and STX16

Methylation-specific multiple ligation-dependent probe amplification (MS-MLPA; MRC-Holland, Amsterdam, Netherlands) was performed to ascertain the methylation status of GNAS DMRs. Sporadic PHP1b was defined as broad alterations in methylation involving two or more DMRs, while familial PHP1b was defined as isolated loss of methylation (LOM) at GNAS-A/B:TSS-DMR, which was mostly due to deletion in the STX16 gene.






3 Results


3.1 Case histories of the five patients


3.1.1 Patient 1

Patient 1 was found hypocalcemic with unknown PTH level when she was 28 years old. When she was 31 years old, she came to our clinic due to the unconscious twitching of her fingers. Physical examination showed her height of 155 cm, weight of 61 kg, round face, and short neck without brachydactyly. Both Chvostek sign and Trousseau sign were positive. Blood testing showed severe hypocalcemia and elevated PTH level (Table 1). After (epi)genetic analysis, she was diagnosed with sporadic PHP1b (Table 1) and treated with calcium and vitamin D agents.


Table 1 | General characteristics of the five patients.



She was pregnant at 32 years old. The detailed changes in serum calcium, 24-h urinary calcium excretion, and serum PTH level, as well as the adjustment of medication, were shown in Tables 2 and 3 and Figure 1A, which revealed stable calcium metabolism. The serum 25OHD level was 46–62 ng/ml during her pregnancy period. Serum creatinine was within normal range all the time. A Cesarean section was carried out at week 35 due to gestational hypertension. The birth weight of the neonate was 2,250 g (-0.75 SD) with normal serum calcium level. She did not breastfeed after delivery (Table 1).


Table 2 | Changes in serum calcium, 24-h urinary calcium, and serum PTH level during pregnancy and after delivery.




Table 3 | Changes in medicine dosage during pregnancy and after delivery.






Figure 1 | Changes in biochemical indices and medicine dosage of the patients. Elemental calcium (mg); active vitamin D, calcitriol (μg); plain vitamin D, calciferol/cholecalciferol (IU); serum PTH, serum parathyroid hormone level (ng/ml); SCa, serum calcium level (mmol/L); pre, prepregnancy; w, gestation week; post, postpregnancy; m, month after delivery. (A) Drug dosage, serum calcium, and PTH level of patient 1. (B) Drug dosage, serum calcium, and PTH level of patient 2. (C) Drug dosage, serum calcium, and PTH level of patient 3. (D) Drug dosage, serum calcium, and PTH level of patient 4. (Ea) Drug dosage, serum calcium, and PTH level of patient 5’s first pregnancy. (Eb) Drug dosage, serum calcium, and PTH level of patient 5’s third pregnancy.



Before this pregnancy, the patient experienced her first pregnancy at 28 years old and was found hypocalcemic during the pregnancy period. However, detailed information about that pregnancy was missing. Cesarean section was carried out, and a healthy male infant was delivered with a birth weight of 2,900 g.



3.1.2 Patient 2

Patient 2 suffered from generalized convulsions from 9 years old and was treated with calcium supplements all the time. She first came to our clinic at 29 years old while at week 9 of her first pregnancy. Physical examination showed AHO phenotype, including a round face, short neck, and short metacarpals/metatarsals. Blood testing showed severe hypocalcemia with a high PTH level (Table 1) as well as vitamin D deficiency (serum 25OHD level was 12.9 ng/ml). Genetic testing supported a diagnosis of PHP1a (Table 1). As shown in Tables 2 and 3 and Figure 1B, her calcium metabolism worsened during pregnancy with decreased serum calcium and increased medicine dosage. The serum 25OHD level rose to 30.1 ng/ml at week 33 after vitamin D supplementation. She did not come to our clinic after week 36, so the clinical data after that time were unavailable. She underwent Cesarean section at approximately week 37 due to fetal intrauterine hypoxia. She underwent surgery at the local hospital, and the neonatal Apgar score was not available. The neonatal birth weight was about 3,000 g (0.21 SD). Unfortunately, the baby died within several months due to an intestinal fistula.



3.1.3 Patient 3

Patient 3 suffered convulsion and unconsciousness at the age of 9 years. In the beginning, she was diagnosed with hypoparathyroidism (HP) and treated with calcium and calcitriol. When she was 21 years old, she came to our clinic and was diagnosed with sporadic PHP1b on the basis of hypocalcemia, high PTH levels, and (epi)genetic testing (Table 1). She was pregnant at 24 years old. The serum 25OHD level was detected at week 4, and the result was 30.8 ng/ml. As shown in Tables 2 and 3 and Figure 1C, her calcium homeostasis improved during pregnancy with a decreased medicine dosage and a stable serum calcium. A Cesarean section was carried out at week 39 due to oligoamnios, and the neonatal birth weight was 3,600 g (1.09 SD). The neonate was free of hypocalcemia-related symptoms, while the serum calcium level was not detected. She breastfed for about 2 months due to little milk quantity. After delivery, the drug dosage needed to be increased.



3.1.4 Patient 4

Patient 4 suffered from intermittent convulsion from 3 years old and had seizure episodes with loss of consciousness and urinary incontinence from 10 years old. She came to our clinic at 20 years old due to intermittent convulsion. Sporadic PHP1b was diagnosed based on biochemical testing and (epi)genetic analysis (Table 1). She was pregnant at 27 years old. However, calcium metabolism was difficult to evaluate during pregnancy due to the change in vitamin D agents (Table 3; Figure 1D). Her serum 25OHD level was tested at week 4, and the value was 195 ng/ml. She delivered at week 39 by Cesarean section due to the cord around the neck. The neonatal birth weight was 3,500 g (0.82 SD), and the serum calcium was normal. The patient did not breastfeed due to little milk quantity, and her treatment needs decreased after delivery.



3.1.5 Patient 5

Patient 5 suffered from muscle cramps at 12 years old. Blood testing showed hypocalcemia, high PTH level, and normal kidney/liver function (Table 1). However, the type of PHP was unclear due to the lack of (epi)genetic analysis. A family history of parathyroid disease was denied. Her first pregnancy was at 22 years old. During this pregnancy period, calcium metabolism worsened with obviously declined serum calcium and increased drug dosage (Tables 2, 3; Figure 1Ea). The serum 25OHD level was not tested during this pregnancy period. A female neonate was delivered by Cesarean section at about week 41 due to decreased range of motion of the hips. The infant weighed 3,600 g (0.64 SD) with a normal serum calcium level. She breastfed for about 1 year with a small amount of milk. During lactation, the treatment needs increased because the PTH level obviously elevated.

She was pregnant again at 26 years old but suffered arrested fetal development in month 3 with an unknown reason. When she was 27 years old, she was pregnant for the third time. Serum 25OHD level was detected before this pregnancy, and it was 60.4 ng/ml. It was tested again at the eighth month during pregnancy, and the result was 46.5 ng/ml. Calcium metabolism also worsened during this pregnancy period (Tables 2, 3; Figure 1Eb). She delivered at week 39 by Cesarean section. The infant weighed 4,300 g (2.97 SD), and the serum calcium level was at the lower part of the normal range. She breastfed for more than 1 year, and the amount of milk was more than that of her first lactation. The medicine dosage was reduced, and PTH level increased compared to that during her pregnancy.




3.2 General characteristics of the five patients

As shown in Table 1, a total of five patients (Pts) with six pregnancies were included in this study. The average onset age for the five patients was 12.2 years, and the mean disease course from onset to pregnancy was 14.7 years. Four of them had intracranial calcification except for Pt 2 with missing data. Cataract was found in one patient. In addition, all patients were found suffering from subclinical hypothyroidism (TSH resistance) before or during pregnancy and were suggested to have levothyroxine treatment (Pt 5 did not follow medical advice during her second pregnancy period).



3.3 Changes in biochemical indices and treatment needs during pregnancy and after delivery

As shown in Figure 1, during pregnancy, calcium homeostasis was described as stable in Pt 1 due to stable serum calcium level and drug dosage (Figure 1A), improved in Pt 3 due to increased serum calcium and reduced drug dosage (Figure 1C), and worsened in Pt 5 because of the obviously decreased serum calcium level and increased drug dosage during the two pregnancies (Figure 1E). For patients 2 and 4, the changes in PHP condition were difficult to evaluate due to the lack of prepregnancy data and the change in vitamin D agent type (Figures 1B, D).

All patients had normal 24-h urinary calcium level before pregnancy except patient 2 with missing data. Also, the 24-h urinary calcium level slightly increased during pregnancy compared to prepregnancy among all patients. Except patient 2, who did not accept standardized and regular treatments until week 9 of gestation, all patients had normal 24-h urinary calcium level during pregnancy and patient 4 suffered from hypercalciuria after delivery. Renal function remained normal in all patients.

The serum PTH level was obviously decreased in the first trimester. For patient 1, whose condition was stable during the whole gestation period, the PTH level further decreased in the second trimester. For patient 3, whose condition improved during pregnancy, the PTH level remained very low in the second trimester. And for the third pregnancy of patient 5, whose condition has worsened, the PTH level was slightly increased in the last two trimesters compared to that of the first trimester (Table 2; Figure 1).

Only two patients breastfed after three deliveries. Pt 3 breastfed for 2 months. At 1.5 months after delivery, a slight decrease in serum calcium level (from 2.32 to 2.17 mmol/L) and a marked increase in PTH level (from 24.5 to 104.7 pg/ml) were observed. Pt 5 breastfed for 12 months after her first pregnancy and more than 1 year after her third pregnancy. Increased serum calcium and PTH levels were found during these two lactation periods compared to those during pregnancy (Table 2; Figure 1E).

For patients who did not breastfeed (Pts 1 and 4), it seemed that the calcium condition changed consistently. The serum calcium level increased from 2.19 (week 28) to 2.49 mmol/L (3 months postpartum) with stable medicine and declined PTH level (from 113 to 49.9 pg/ml) in patient 1 (Figure 1A). Calcitriol was reduced from 1 μg/day (week 32) to 0.25 μg/day (3 months postpartum) with stable serum calcium and increased PTH level (from 25.6 to 75.1 pg/ml) in Pt 4 (Figure 1D).



3.4 Pregnancy outcomes

All patients chose Cesarean section due to variable reasons, and one suffered preterm delivery due to oligoamnios (Pt 1). The neonatal birth weight ranged from 2,250 to 4,300 g, and all neonates were free of hypocalcemia-related symptoms. Serum calcium levels were detected in four neonates, and all were in the normal range. Thyroid hormone was tested in all neonates using heel blood at birth. In addition, their thyroid functions were all in the normal range.




4 Discussion

PHP is a rare disease with a reported prevalence of about 1.2/100,000 (12). It can be challenging to manage especially during pregnancy. Information about calcium metabolism change and medicine dosage adjustment in such condition is scarce. Previously, only 12 cases with 14 pregnancies were reported. Our study reported five PHP patients with six pregnancies to show the changes in serum calcium/PTH level and medicine dosage during pregnancy and the postpartum period, as well as their pregnancy outcome, providing more information on this rare but important clinical entity.

The results showed that PHP patients can have different conditions in calcium homeostasis and treatment needs during pregnancy: improved, stable, or worsened, which was similar with previous case reports. According to previous studies, patients with improved outcome had some common characteristics: firstly, their calcium supplementation was high (usually more than 1 g/day); secondly, the PTH level was continuously low during the whole pregnancy period; thirdly, the serum calcitriol level increased 2–4-fold compared to prepregnancy during the entire gestation period (4). On the contrary, as for patients with worsened outcome, calcium supplementation was very low (<0.5 g/day) (5–7). In addition, the fall in albumin-adjusted calcium level in the latter half of the pregnancy period was accompanied by a declined calcitriol level and a risen PTH level (6). In normal women, the physiology of pregnancy means that the recommended dietary intake of calcium (1.25 g/day), combined with doubling of efficiency of intestinal calcium absorption, should be more than sufficient to meet the combined needs of the mother and fetus during the third trimester (13). So, as mentioned before, when the calcium intake is insufficient, pregnant women can develop secondary hyperparathyroidism to provide additional minerals. Since PHP patients are PTH resistant, it is not surprising that the PHP-related condition will worsen if calcium intake is inadequate during pregnancy. Another important factor that may affect the PHP condition during pregnancy is the calcitriol level, since the worsened patients had declined calcitriol levels. However, factors that influence the calcitriol level during pregnancy remain to be elucidated. According to this study, patient 5 had worsened outcome with elemental calcium supplementation of 1,200 mg/day. Thus, her worsened status during her two pregnancies might be due to the reduced serum calcitriol level. Regretfully, this index was not detected during her pregnancy. In terms of PTH level, our study showed that the decreased serum calcium level was accompanied by an elevated PTH level, which was consistent with previous studies. The PTH response to pregnancy in PHP patients was similar to that of a normal person, characterized by declining in the first trimester then possibly elevating in the third trimester due to further increased calcium demands. The low calcium intake, declined calcitriol level, and elevated PTH level might indicate the need to increase medicine dosage for PHP pregnant women.

As to the urinary calcium excretion, firstly, our results showed that the 24-h urinary calcium level was slightly increased during pregnancy compared to prepregnancy, which was similar to unaffected women and might be due to the increased intestinal calcium absorption. Secondly, different from patients with HP, who easily developed hypercalciuria under active vitamin D and calcium treatment, the 24-h urinary calcium excretion was within normal range in most patients with PHP. This indicated that the renal resistance to PTH in patients with PHP1 was limited to the proximal tubular cells and did not involve the distal tubular cells.

In the aspect of pregnancy and neonate outcomes, our study showed that all patients underwent Cesarean section due to variable reasons and most of them reached full-term delivery. In addition, all available serum calcium levels of neonates were within normal range. However, one neonate (the second child of patient 5) in the present study had macrosomia. Up to now, all of the PHP pregnant women reported in previous literature chose Cesarean section at full term while delivering neonates with normal birth weight (2,593–3,460 g) and mostly normal serum calcium level. The reasons for Cesarean section were the reduced pelvic size and decreased range of motion of the hips due to local ossifications. However, high birth weight had been reported in some previous cases with PHP1b caused by paternal uniparental disomy of chromosome 20 (14) and STX16 microdeletion (15), which means that both sporadic and familial PHP1b patients could manifest as macrosomia themselves. In 2015, Bréhin et al. (16) reported 114 PHP1b patients (61 familial and 53 sporadic) and 12 PHP1a patients with their own birth conditions. Their results showed that PHP1a patients were free of intrauterine overgrowth, while PHP1b patients themselves had heavier birth weight than the normal population (Z-score of +0.73 ± 1.2, P < 0.0001). Moreover, familial PHP1b patients tended to have slightly heavier birth weight than sporadic PHP1b patients. In addition, familial PHP1b patients had heavier birth weight than their healthy siblings. These indicated that biallelic A/B expression might contribute to enhanced intrauterine growth through an unknown mechanism. Regretfully, Pt 5 and her second child did not undergo (epi)genetic analysis, so their PHP types were unknown. However, since she had PHP and her second child had macrosomia while the first child had normal birth weight, it was suspected that she and her second child had familial PHP1b. Thus, an (epi)genetic analysis for them is helpful, and the serum calcium and PTH levels of the second child should be monitored.

In the present study, two patients breastfed after delivery with different responses to breastfeeding. Patient 3 showed worsened response with a slight decrease in serum calcium level and marked increase in PTH level. Patient 5 showed an improved condition characterized by increased serum calcium level compared to the pregnancy period during both lactations. We had retrieved only one case report describing calcium homeostasis in PHP patients during the lactation period, which showed a stable serum calcium level and medicine dosage in a PHP1a patient with calcitriol 0.5 μg/day and calcium carbonate 2,500 mg/day (1,000 mg elemental calcium). The PTH level was not described (8). Since the elemental calcium intake was similar among the two patients in the present study and the patient in a previous case report, there should be other factors that influence calcium metabolism. Calcium homeostasis in lactation relies mainly on bone resorption mediated by PTHrP, which comes mainly from the mammary gland. In the present study, patient 3 had worsened calcium homeostasis during lactation with little milk amount and short breastfeeding duration. Whereas patient 5 had improved calcium homeostasis with more milk amount and a longer lactation duration than those in patient 3. So, the different change in calcium homeostasis between patient 3 and patient 5 in their lactation period might be related to the different amount of milk and PTHrP level. Hence, there might be some relationship between milk amount and PTHrP level. However, there was no convincing method to evaluate that the amount of milk and PTHrP level were not detected in both of these two studies. So, this assumption needs further exploration. Different from serum calcium level, the change in PTH level was consistent in the two patients’ three lactation periods. This phenomenon was also found in normal women who suffered from insufficient calcium intake when breastfeeding. So, it may be an indicator of the insufficient calcium intake.

The calcium metabolism for those PHP patients who did not breastfeed (patient 1 and patient 4) seemed to improve with elevated serum calcium level (patient 1) or declined medicine dosage (patient 4). This was inconsistent with a previous study that showed reduced serum calcium level and increased drug dosage after delivery (4). The underlying mechanism of the different response was unknown and needed further exploration. Genetic or ethnic differences may have some effect.

Our center has reported a case series about the change in calcium metabolism of HP patients during pregnancy and the lactation period (10). The results showed that HP patients could suffer from marked serum calcium fluctuations during these two periods and the risk of adverse pregnant outcomes was higher than that of a normal person. During pregnancy, hypercalcemia can occur and HP patients who had improved calcium metabolism might need to discontinue active vitamin D. While for HP patients who had worsened calcium homeostasis during pregnancy, a marked decrease in serum calcium level can be found and might lead to abortion/stillbirth. During lactation, most patients had improved calcium metabolism with increased serum calcium level. Some patients even developed hypercalcemia. There were some similarities and differences between PHP and HP during pregnancy and lactation periods. During the pregnancy period, on the one hand, both PHP and HP patients could experience opposite changes in calcium homeostasis as objectively improved or objectively worsened status. On the other hand, the serum calcium fluctuation and pregnant outcomes were different. Compared to HP, PHP patients seemed to have a much milder serum calcium fluctuation and better pregnancy outcomes. During the lactation period, the fluctuation of serum calcium level also seemed milder in PHP patients than that in HP patients. These indicated that PTH may still have some effect on calcium metabolism in PHP pregnant patients.

This study had some limitations. First, because of the retrospective nature, some data were missing and the follow-up time points could not be controlled. Second, neither the ionized calcium nor serum albumin level was routinely detected. Since the serum albumin level was reduced during pregnancy due to dilution, the total serum calcium level without albumin adjustment might underestimate true calcium conditions and influence the drug dosage adjustment. Third, some indices were not detected in the study, such as the maternal 25OHD, 1,25(OH)2D, and PTHrP levels, which restricted further exploration. Fourth, due to the rarity of PHP, especially combined with pregnancy, the sample size of the study was small, which cannot fully represent the changes in calcium metabolism in PHP patients during pregnancy and lactation. However, this study was still a relatively large single-center study that focused on PHP conditions among pregnant women, providing useful information on these clinical entities.



5 Conclusion

In conclusion, the present study described the changes in serum calcium level, PTH level, and treatment needs in PHP patients during pregnancy and after delivery. It confirmed that the calcium condition and drug dosage changed differently in PHP patients during pregnancy and lactation but were more stable than those in HP patients. Most patients had good outcome with full-term delivery and normal birth weight. During pregnancy, an elevated PTH level might predict a worsened calcium metabolism and increase of medicine requirement. It reminds clinicians to focus on PTH level and adjust medicine dosage in time to maintain normal calcium metabolism in PHP pregnant patients.
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Objectives

In the progress of bone metabolism, homocysteine (Hcy) and B vitamins play substantial roles. However, the causal associations of homocysteine, B-vitamin concentrations with bone mineral density (BMD), and fractures remain unclear. Therefore, we employed a two-sample Mendelian randomization (MR) design to infer the causal effects of Hcy and B vitamins on BMD and fractures.



Methods

We selected instrumental variables from large genome-wide association studies (GWASs). Specifically, the exposures mainly included Hcy (sample size: 44,147), vitamin B12 (sample size: 45,576), folate (sample size: 37,465), and vitamin B6 (sample size: 1,864). The outcome variables included total body BMD (sample size: 66,628), heel BMD (sample size: 142,487), femoral neck BMD (sample size: 32,735), lumbar spine BMD (sample size: 28,498), and forearm BMD (sample size: 8143). Additionally, the total body BMD in several age strata was also included. Furthermore, the fractures of the forearm, femoral neck, lumbar spine, heel corresponding with the BMD regions, and femoral neck and lumbar spine BMD in men and women, separately, were added as additional outcomes. Two-sample MR approaches were utilized in this study. Inverse variance weighting (IVW) was adopted as the main analysis. MR-PRESSO, MR-Egger, the weighted median estimate, and multivariable MR were performed as sensitivity methods.



Results

In the main analysis, Hcy concentrations have an inverse association with heel BMD (Beta = 0.046, 95% confidence interval (CI) -0.073 to -0.019, P = 9.59E-04) per SD unit. In addition, for one SD increase of vitamin B12, the total body BMD decreased 0.083 unit (95%CI -0.126 to -0.040, P = 1.65E-04). The trend was more obvious in age over 45 years (Beta = -0.135, 95%CI -0.203–0.067, P = 9.86E-05 for age 45-60; Beta = -0.074, 95%CI -0.141 to -0.007, P = 0.031 for age over 60 years). No association of B vitamins and Hcy levels with the risk of fractures and femoral neck and lumbar spine BMD in men and women was found in this study. Other sensitivity MR methods elucidated consistent results.



Conclusions

Our findings indicated that there exist the inversely causal effects of Hcy and vitamin B12 on BMD in certain body sites and age strata. These give novel clues for intervening bone-related diseases in public health and nutrition.
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Introduction

The reduction of bone mineral density (BMD) and the deterioration of bone microarchitecture have been recognized as the primary characteristics of osteoporosis (1, 2). Osteoporosis is a chronic skeletal disorder, which contributes to the elevated risk of bone fragility and is susceptible to occurrence of osteoporotic fracture (1, 2). Osteoporosis is a common disease and has an increased global prevalence, becoming a main worldwide public health issue (3, 4). It was reported that over 30% of women and 20% of men beyond the age of 50 were affected by osteoporosis (5, 6). To date, utilizing the dual X-ray absorptiometry for gauging BMD becomes the current gold standard to diagnose osteoporosis (7). However, applying quantitative ultrasound for measuring BMD can provide additional information including bone size, geometry, and microarchitecture, which are poorly captured by dual X-ray absorptiometry (8). Notably, researchers proved that BMD is generally impacted by various risk factors, including gender (9), age (10), smoking (11), and alcohol consumption (12).

In the general population, the lack of folate and vitamins B12 and B6 would result in elevated concentrations of homocysteine (Hcy) as these vitamins serve as cofactors for the varieties of enzymes involved in Hcy metabolism (Figure 1) (13, 14). The published studies indicated that milder elevation in Hcy levels was associated with a two- to fourfold elevated risk of hip and other fractures (15, 16). Some studies also revealed that increased Hcy concentrations might be associated with high osteoclast activity (17), elevated rates of bone turnover (17), and decreased BMD (18); some others have found no association of Hcy with BMD (19–21) and the markers of bone metabolism (22). A clinical trial utilizing randomized and placebo-controlled approaches implicated that folate and vitamin B12 concentrations over a 2-year period did not observe the changed levels of BMD or decreased fractures in elderly subjects with enhanced Hcy concentrations (23, 24). Thus, whether Hcy, together with B vitamins, directly influenced BMD and bone mass or is an “innocent bystander” is still kept unclear (25). It is necessary to take action to further investigate the relationship between BMD and the Hcy and B-vitamin concentrations.




Figure 1 | Overview of the role of vitamin B6, vitamin B12, and folate in homocysteine metabolism. Homocysteine is reconverted to methionine by acquiring a methyl group from 5-methyltetrahydrofolate, the positive form of betaine, or folate in the remethylation pathway. Irreversible removal of homocysteine happens across the transsulfuration pathway in which homocysteine condenses with serine to form cystathionine. BHMT, betaine homocysteine methyltransferase; CBS, cystathionine-β-synthase; CTH, cystathionine-gamma-ligase; DH, dihydo; Hcy, homocysteine; MS, methionine synthase (encoded by the MTR gene); MTH, methylenetetrahydrofolate; MTHFR, methylenetetrahydrofolate reductase; TH, tetrahydro.



The traditional observational studies have methodological limitations with the bias of undetected confounding factors and reverse causality, resulting in the deficiency of testing the causal associations between exposures and outcomes (26). Nowadays, the genetic variants, regarded as instrumental variables and being associated with exposures, were fully used by the Mendelian randomization (MR) design to act as the proxies of the risk factor for outcomes for inferring the causal effects of exposure and the outcome (27). Because of the genetic variants of offspring inherited randomly from their parents, in general, confounding factors are less likely to have an impact on these genetic instruments, and, hence, the studies with the MR design scarcely suffer from reverse causality and confounding factors (28).

Given the abovementioned evidence that Hcy concentrations could probably lead to the changes of both bone mass and bone quality, together with the dependence of Hcy metabolism and B vitamins (29), as well as the controversial findings about the associations of B vitamins and Hcy with BMD in the observational studies (15, 19–21, 30–32), it is urgent to infer the causal associations of B vitamins and Hcy levels with BMD and then provide accurate causal effects. In this study, two-sample MR study approaches were carried out to explore the associations of the genetic prediction of B vitamins (folate and vitamins B12 and B6) and Hcy concentrations with total body BMD. Concurrently, different regions and age-specific associations between the concentrations of B vitamins, Hcy, and BMD were assessed for further exploration. The schematic overview of this MR study design is presented in Figure 2.




Figure 2 | Schematic overview of the Mendelian randomization study design.





Material and methods

We conducted a two-sample MR study using public GWAS data. Generally, MR should be satisfied with three conditions (Figure 2). First, as genetic instruments, the genetic variants have to be strongly associated with the exposures, which are B vitamins and Hcy in this study. We adopted the genome- wide significant level (P < 5E-08) together with r2 < 0.01 (this corresponds to linkage disequilibrium measure to define “independent genetic instrument”) as the inclusion criteria for genetic instruments. Second, no confounder exists in the relationships between the genetic instruments and the outcomes. Third is the exclusion restriction assumption (33, 34), namely, the genetic instruments affect the outcomes only through exposures. Horizontal pleiotropy testing could verify this assumption where the genetic instruments directly influence the outcomes or not (35).


Ethical approval

Published or public data were used, and no original data were involved in this MR study. The original publications or included consortia described ethical approval and informed consent from every individual for the corresponding studies in the research.



Selection of genetic instruments

Based on the literature of exposures on serum vitamin B12 (sample size: 45,576) (36), blood Hcy (sample size: 44,147) (37), serum folate (sample size: 37,465) (36) and serum vitamin B6 (sample size: 1864) (38), SNPs that are associated with the corresponding exposures at the genome-wide significant level (P < 5E-08) were chosen as candidate genetic instruments, respectively. Then, we estimated the linkage disequilibrium among these SNPs for each exposure with the PLINK clumping method on the basis of 1000 Genome European reference panel as the GWASs are mostly from European origin. We also excluded palindromic variants with equivocal strands. Consequently, diverse SNPs without linkage disequilibrium (r2 < 0.01) were utilized as the genetic instruments (Supplementary Table 1). Specifically, there were 14 independent SNPs for Hcy, 14 independent SNPs for vitamin B12, 2 independent SNPs for folate, and 1 SNP for vitamin B6 (Supplementary Table 1). In total, the SNPs accounted for 6.0% of variance for Hcy (37) and vitamin B12 (36), respectively, and 1.3% of variance for vitamin B6 (38), as well as 1.0% of variance for folate (36). In case these SNPs for B vitamins and Hcy are associated with other correlated phenotypes, we used the internet resource (PhenoScanner V2) (39) and found that three SNPs (rs548987, rs42648, and rs838133) for Hcy and two SNPs (rs56077122 and rs34324219) for vitamin B12 were associated with other phenotypes (the search was conducted in April 2022), which might exert pleiotropic effects. Therefore, these five SNPs were removed. The flow chart of this MR study is shown in Figure 3. As the exposures, B vitamins and Hcy were transformed to one standard deviation (SD) unit. For testing the strength of genetic instruments, we calculated the F-statistics for different exposures (F = 256.1 for Hcy, F = 242.4 for vitamin B12, F = 189.2 for folate, and F = 24.5 for vitamin B6). All F-statistics were greater than 10, indicating the supportive evidence for the strength of genetic instruments.




Figure 3 | Flow chart of the Mendelian randomization study.





Datasets used for genetic association with outcomes

The forearm, femoral neck, lumbar spine, and heel are the prevalent sites of osteoporosis. The loss of BMD in these regions elevated the risk of osteoporosis and fractures compared to other body regions (40, 41). Thus, the BMD in these four body regions was firstly considered as outcomes. The summary statistics for BMD in the forearm, femoral neck, and lumbar spine were extracted from the GEnetic Factors for Osteoporosis (GEFOS) consortium (42), including 8,143, 32,735, and 28,498 subjects, respectively. For heel BMD, the summary statistics were provided by a GWAS dataset from UK Biobank (43), comprising 142,487 subjects. For BMD measured and validated across the study participants, heel BMD was done by quantitative ultrasound while other sites were done by dual X-ray absorptiometry.

We also explored the associations of B vitamins and Hcy with total body BMD (measured by dual X-ray absorptiometry) and BMD in different age strata (age strata referred to the total body BMD GWAS), which encompassed five age groups, namely, younger than 15 years old, 15–30, 30–45, 45–60, and older than 60 years old, as age has been deemed as a risk factor for becoming osteoporosis. According to a large GWAS meta-analysis (8), we acquired summary statistics for the total body BMD and BMD in these five age strata, which contained 66,628 subjects in total.

Before analyses in this MR study, all the outcomes of BMD were SD-transformed. A detailed information of data sources was displayed in Table 1.


Table 1 | Descriptions of the genome-wide association studies (GWASs) employed in this Mendelian randomization study.



Regarding the fact that fractures arising from fragile bones were clinically supposed to be a result of osteoporosis (44), the fractures of the forearm, femoral neck, lumbar spine, and heel corresponding with the BMD regions were added as additional outcomes. We extracted the summarized data for fractures from the Neale Lab (http://www.nealelab.is/uk-biobank), which encompassed 361,194 subjects, with 8,438 cases. Additionally, we explored the causal associations of Hcy and vitamin B12 with femoral neck and lumbar spine BMD in men and women, separately, for the consideration of the different effects because of sex. The data were from the GEFOS Consortium (45).



Exploring possible sources of horizontal pleiotropy

Under the Instrument Strength is Independent of Direct Effect (InSIDE) assumption, the risk factors predicted by the genetic instruments should not influence both the exposures and outcomes simultaneously. In order to comply with this assumption, we assessed the possible relationship between the genetic instruments and risk factors, encompassing the degree of education (46), smoking, and alcohol using the rate (47). The descriptions of these variables are shown in Table 1.



Harmonizing allele

In light of harmonizing the effect of alleles and their corresponding directions, we combined the genetic statistics from the GWAS of exposures and outcomes. The effect allele frequency was also utilized to make sure that palindromic genetic instruments were aligned properly. For SNPs that did not exist in the outcome datasets, we applied the substitute SNPs with r2 > 0.8 for the exposure-associated SNPs. Missing SNPs without matching substitutes for outcome GWAS summary statistics were ruled out from the subsequent analyses.



Statistical analysis

Inverse variance weighting (IVW) with multiplicative random effects was employed as the main analysis (48). Additionally, four MR methods, including the weighted median estimate (49), MR-Egger (50), MR-PRESSO (51), and multivariable MR (52), were performed as sensitivity approaches for vitamin B12 and Hcy. IVW stands for the weighted regression slope of the effect of SNP-outcome on SNP-exposure assuming that the intercept is restricted to zero (48). When 50% SNPs are invalid instruments, the weighted median estimate could provide an unbiased evaluation (49). Under the InSIDE assumption, the horizontal pleiotropy can be estimated by the MR-Egger approach across the P-value for its intercept, as well as an assessment was given after the pleiotropic effects were adjusted. However, the MR-Egger approach may probably obtain wider confidence intervals (CIs) because of a lost statistical power (50). MR-PRESSO is another statistical method testing biases in the case of pleiotropy (the global test). It gives a corrected estimate via removing the outliers and supplies a distortion test, which evaluates whether the calculations with or without outliers obtain similar assessments under the InSIDE assumption (51). We also evaluated Cochran’s Q statistic to investigate the magnitude of heterogeneity (53) among the employed SNPs in every analysis. Subsequently, we utilized an online approach to calculate power (Supplementary Table 4) in addition to providing a supporting evidence of the strength of genetic instruments like F-statistics (54). Additionally, effects (betas) with the corresponding 95%CI were transformed to one SD increase in the genetic prediction of B vitamins and Hcy.

Linkage disequilibrium score regression (LDSC) was performed to assess sample overlap with LD hub (http://ldsc.broadinstitute.org/) (55) in case overlapping samples between two datasets bias the estimated causal effects. Considering the possibility that genetic instruments might have collider or ascertainment bias by conditioning on the possible confounders, we performed multivariable MR (52), which admits the direct effects of multiple variables on an outcome to be evaluated jointly. The effects of Hcy and vitamin B12 (because of insufficient instruments for folate and vitamin B6) on total body BMD and BMD in different body regions and age strata were assessed with adjusting for potential confounders, including educational attainments, smoking, and alcohol usage. We also conducted leave-one-out analysis to test the robustness of the significant main findings.

In terms of multiple testing adjustment, we employed a conservative P-value threshold of 1.25E-03 by Bonferroni correction, considering four exposures and 10 outcomes (0.05/40) for BMD. The P-value between the Bonferroni-adjusted significance level and the traditional significance level (P < 0.05) was regarded as suggestive significance. All analyses were performed by R Version 4.1.0 utilizing R packages (“TwoSampleMR”) (56), (“MRPRESSO”) (51), (“MendelianRandomization”) (57).




Results

LDSC was employed to estimate overlapping samples between the exposure GWAS and the outcome GWAS. Results showed an approximately zero intercept of genetic covariance less than 10-3 in the pairs of the exposure–outcome GWAS (P > 0.1 by z-test in all pairs, data not shown), indicating approximately no sample overlap in the pairs of two datasets.

For the causal effects of B vitamins and Hcy on BMD in different body regions, we observed a significant association of the genetically predicted elevated concentrations of Hcy with decreased BMD in the heel region (Figure 4). For 1-SD increase in the genetic prediction of Hcy levels, the estimated beta was -0.046 (95CI, -0.073 to -0.019, P = 9.59E-04) for the 1-SD BMD of the heel. Results remained directionally consistent by the weighted median estimate and the MR-Egger and MR-PRESSO methods (Supplementary Tables 5, 7). We noticed that there is no heterogeneity on the basis of Cochran’s Q statistic and no pleiotropy across the MR-Egger and MR-PRESSO methods for vitamin B12 and Hcy in the analyses of BMD in different body regions (Supplementary Tables 5–7). Leave-one-out analysis showed that the significant association between Hcy levels and heel BMD was not affected by single SNPs associated with Hcy concentrations (Supplementary Figure 2). The results were fairly robust from the outputs from various approaches. The genetic prediction of B-vitamin concentrations had no effect on BMD in different body regions (Figure 4). Multivariable MR analyses showed that the genetic prediction of increased Hcy levels was significantly associated with lower heel BMD (Beta, -0.041; 95%CI, -0.070 to -0.012; P = 6.28E-03) after adjusting for education attainment, smoking, and alcohol usage (Supplementary Figure 1). Thus, according to all sensitivity analyses, it is confident that the significance of the elevated concentrations of Hcy contributing to decreased heel BMD was credible in this study. In addition, we observed no association of B vitamins and Hcy levels with the risk of fractures of the four regions (Supplementary Tables 8–10) and no association of vitamin B12 and Hcy levels with femoral neck and lumbar spine BMD in men and women, separately (Supplementary Tables 11, 12–14).




Figure 4 | Effects of the genetic prediction of circulating vitamin B12, homocysteine, folate, and vitamin B6 on bone mineral density in different body regions and different age strata with the inverse variance weighting method. BMD, body mineral density; CI, confidence interval; GEFOS, GEnetic Factors for OSteoporosis Consortium; IVW, inverse variance weighting; The summary statistics data utilized in this study can be downloaded from the GWAS Catalog (https://www.ebi.ac.uk/gwas/) and Neale Lab (http://www.nealelab.is/uk-biobank); *The P-value reached the significant level; SNP, single-nucleotide polymorphism.



The associations of the genetic prediction of B vitamins and Hcy concentrations with total body BMD and BMD in different age strata are displayed in Figure 4. We observed the significant associations of genetically predicted elevated vitamin B12 with lower total body BMD (Beta, -0.083; 95%CI, -0.126 to -0.040; P = 1.65E-04), especially decreased total body BMD of age 45–60 (Beta, -0.135; 95%CI, -0.203 to -0.067; P = 9.86E-05) and age over 60 years (Beta, -0.074; 95%CI, -0.141 to -0.007; P = 0.031). No significant association was revealed in Hcy and other B vitamins with total body BMD in different age strata (Figure 4, Supplementary Tables 5, 7). The significant findings of associations between vitamin B12 and total body BMD, as well as the BMD of age 45–60 and age over 60 kept consistent significantly by the weighted median estimate and the MR-PRESSO approach (Supplementary Tables 6, 7). Additionally, Cochran’s Q statistic and the MR-Egger and MR-PRESSO approaches indicated no heterogeneity and no pleiotropy existing in these analyses (Supplementary Tables 6, 7). In the multivariable MR analysis, the genetic prediction of increased vitamin B12 was more significantly associated with lower total body BMD (Beta, -0.085; 95%CI, -0.133, -0.038; P = 4.39E-04), total body BMD of age 45–60 (Beta, -0.128; 95%CI, -0.198, -0.058; P = 3.55E-04), and age over 60 years (Beta, -0.076; 95%CI, -0.145, -0.008; P = 0.029) after adjusting for education attainment, smoking, and alcohol usage (Supplementary Figure 1). Leave-one-out analysis showed that a single SNP was unable to influence the significant associations, confirming these significant results (Supplementary Figure 2).

Considering the confounding factors including education, smoking, and alcohol usage, we noticed that the effect alleles for the B vitamins and Hcy instruments (harmonized to increased concentrations of B vitamins and Hcy) were not associated with education, smoking, and alcohol usage (Supplementary Table 3), which suggested that the relationships between exposures and outcomes were unlikely to be influenced by these confounders.



Discussion

In the present study, the genetic variants of exposures (SNPs-B vitamins and SNPs-Hcy) and outcomes (SNPs-BMD in different body regions and age strata) were collected from various large-scale GWAS data sources, and then, we conducted MR analyses to evaluate the causal effects of B vitamins and Hcy on the changes of total body BMD and BMD in distinct body sites and age strata. The findings of our study elucidated that the increased genetic prediction of Hcy concentrations was causally associated with the reduced heel BMD, and the elevated genetic prediction of vitamin B12 had a causal impact on decreased total body BMD, especially in the strata of age 45–60 and age over 60 years. Moreover, there was no association of B vitamins and Hcy concentrations with the risk of fracture of any of the bones and femoral neck and lumbar spine BMD in men and women.

Evidence showed that Hcy concentrations and B-vitamin levels had an effect on the change of BMD (15, 30–32), One study focused on elderly people disclosed the potential effect of Hcy on hip fracture, and its results therein indicated that the subjects with higher concentrations of Hcy had an increased risk of hip fracture than those with reduced Hcy levels, revealing that Hcy might be a vital factor for hip fracture in older persons (15). Therefore, it should be focused on age and fracture sites. The effects of Hcy levels on bone health may be different in distinct body regions and age strata. Another cross-sectional study has suggested the higher Hcy concentrations were inversely associated with the BMD in femoral neck and lumbar spine regions (58), which gave the support that different associations between Hcy levels and body regions for our motivation. Our findings declared that elevated Hcy levels had a significant influence on decreased heel BMD through the MR study design, revealing a novel clue for reducing heel BMD loss as heel BMD has been reported to be a vital risk factor for incident disability and mortality (59). Thus, this finding has great significance for public health.

With regard to the age-specific causal associations of B vitamins and Hcy with BMD, previous studies have demonstrated enhanced Hcy concentrations with decreased BMD in different ages (30, 60). A remarkable increase in Hcy concentrations with reduced BMD was found in postmenopausal women (60). Moreover, several scholars have explored the associations between Hcy and BMD in different ages, in which the concentrations of Hcy were negatively associated with the BMD of femoral neck, lumbar spine and hip regions in women aged under 50 (30). These indicated that age might be a risk for BMD loss. It would be better to test the effects of B vitamins and Hcy levels on BMD in different age strata. Our finding indicated that increased vitamin B12 significantly reduced BMD, especially in age over 45. Several observational studies unraveled that the elevated concentrations of vitamin B12 and folate have no effect on BMD (18, 20, 61–63). These negative results can be attributed to the multifactorial etiology of the disease and the different populations analyzed in these studies. The findings of the current study give relatively strong support for the significant causal association between vitamin B12 levels and total body BMD. Recently, an MR study by Wang et al. employed six SNPs associated with Hcy as instruments elucidated that genetically reduced Hcy was only associated with the increase of forearm BMD (64). However, too-few instruments would result in insufficient statistical power in this study by Wang et al. (64). In addition, some flaws existed in this study (64) as it elucidated that genetically reduced Hcy was associated with the increase of forearm BMD, while genetically determined Hcy elevation was not correlated with BMD. These are contradictory findings. The reasons of the inconsistent results were the effect alleles had to be unified before MR analysis was performed, and artificially dividing genetic instruments into two groups would reduce statistical power and lead to inaccurate results. Previously, we have developed genetic statistics to detect genetic variation in complex diseases and used MR approaches to investigate the causal relationships between complex diseases, including the casual association of B vitamins and Hcy with musculoskeletal diseases (28, 65–71). In the present study, we performed this MR using the latest instruments for Hcy and B-vitamin levels, offering both F-statistics and power calculations, to provide sufficient statistical power for inferring the causal effects of B vitamins and Hcy concentrations on total body BMD and BMD in different body regions and age strata. Compared to the study by Wang et al. (64), our study not only gave sufficient statistical power for inferring (effect alleles were unified before MR analysis) but also expanded the types of exposures (both Hcy and B vitamins) and outcomes (BMD in different body regions, sex and age strata, and fractures in different body regions). Furthermore, pleiotropy tests and sensitivity analyses (including multivariable MR) were also performed to ensure the robustness of our findings. Furthermore, Hcy and B vitamins were able to influence bone tissue formation by means of disrupting the development of collagen cross-links and reducing bone blood flow (72, 73). These support our findings that higher levels of Hcy and vitamin B12 mainly lead to bone catabolism.

Several mechanisms have been found to explain the relationships between BMD and B vitamins and Hcy levels. In vitro studies have demonstrated that Hcy and B vitamins could improve the activity and differentiation of osteoclasts and then induce the apoptosis of human bone marrow stromal cells via elevating reactive oxygen species (64). Furthermore, they also showed the ability of reducing bone blood flow, which was probably related to the mechanical bone properties (73). Specifically, Hcy and B vitamins produced apoptosis in bone marrow cells by means of the action of Nuclear Factor (NF)-kappa B and reactive oxygen species (74). The intracellular reactive oxygen species induced by them motivated osteoclast formation (75). Because the antioxidant N-acetyl cysteine could disrupt such negative impacts on bone cells (75), an enhancement in reactive oxygen species generated by them was able to have a substantial influence on the elevation in bone resorption in hyperhomocysteinemia. In addition, Hcy produced apoptosis in osteoblastic MC3T3-E1 cells by the virtue of inducing intracellular reactive oxygen species in a Hcy dose-dependent way (76). Age is a non-negligible risk factor for BMD. The average BMD may reduce considerably with age (77), particularly in subjects over 50 years. Dual X-ray absorptiometry and thoracic quantitative computed tomography suggested that bone mass reduces with age (78). Taken together, the above evidence revealed a possible pathogenic function of Hcy and B vitamins in the reduction of BMD, and age should be considered for further study.

The strengths of the present study came from the usage of MR, which could reduce residual confounding and diminish the possibility of false negatives by large GWASs. In addition, utilizing a series of non-overlapping data sources and applying more SNPs of B vitamins and Hcy were capable of enlarging sample size and explaining more phenotypic variance, respectively, as well as insuring statistical power. Notice that some participants present in the GWAS for BMD in distinct age strata were not restricted to European ancestry. This situation impeded the generalization of our results because the allele frequencies among populations were distinguished. Considering the likelihood of pleiotropy as an important issue in this study, we got directionally consistent results with the same significance in most sensitivity approaches (the weighted median estimate, MR-Egger, MR-PRESSO, and multivariable MR) after removing the obvious instruments with pleiotropy (Supplementary Table 2). The confounding factors encompassing education, smoking, and alcohol use were also tested in the case of confusing the relationships between exposures and outcomes since these confounders could influence BMD (11, 12). Moreover, no pleiotropic effect was observed in the findings of MR-Egger and MR-PRESSO, which suggested that unobserved pleiotropy and confounding did not bias our results. For the concern that vitamin B12 and Hcy may not be independent variables for causal inferring, actually, no matter vitamin B12 or Hcy, the three conditions (Figure 2) of conducting the MR study are satisfied. For avoiding the horizontal pleiotropy because of the interlink between vitamin B12 and Hcy, we used the strict screening criteria for selecting SNPs as instrumental variables. In other words, these instruments could absolutely infer the causal association between vitamin B12 and BMD and Hcy and BMD, respectively. However, our negative findings for vitamin B6 may reflect inadequate statistical power. Moreover, the present study provided little evidence on the association of B vitamins and Hcy levels with the risk of fracture. As one of the assumptions in MR is that the genetic variants affect outcomes only through exposure, the selected genetic variants for B vitamins and Hcy may not influence fractures via the Hcy metabolism. We only evaluate BMD in the forearm, femoral neck, lumbar spine and heel, which are common sites. Some BMD in other sites, such as BMD in spine, finger, rib, and scapula, would affect the total BMD. That is the reason why vitamin B12 showed association with total body BMD but not at any one of our evaluated sites. Moreover, dietary intake was not taken into account and the variation in each of the exposures that was explained by SNPs was small. Furthermore, both quantitative ultrasound and dual X-ray absorptiometry have their own advantages for evaluating BMD (7, 8). Due to the complex relationship between B vitamins and Hcy, as well as different measures for gauging BMD, further studies need to take the correlation between them into account to better assess their effects on BMD. Although we took into account the effects of age and sex on BMD, further studies should consider to explore data in separated populations according to the sex and menopausal status within the different gender groups (i.e., women >55 years old) since the hormonal status is the most important issue to consider.



Conclusions

In conclusion, the present study demonstrated that the causalities of genetic prediction of Hcy increase with the reduced heel BMD, as well as genetic prediction of vitamin B12 elevation in relation to the total body BMD, especially in the strata of age 45–60 and age over 60, indicating that the concentrations of B vitamins and Hcy might play a crucial role in the development of bone health in distinct body regions and age strata. Future studies are, however, needed to explore the potential mechanisms by which B vitamins and Hcy regulate BMD. To this end, the levels of Hcy and vitamin B12 may be utilized in the early treatment of osteoporosis.
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Introduction: Sepsis is a common clinical syndrome and nearly 20% of all deaths are related to sepsis. As an important part of the body, bone homeostasis disorders are closely related to inflammatory response, but the correlation between bone homeostasis and sepsis, sepsis shock was unknown. The objective of this study was to explore the relation of bone homeostasis on sepsis and sepsis shock.

Methods: In this retrospective cohort study, patients were enrolled between April 2018 and May 2022 from Beijing Chaoyang hospital. Primary outcomes were serum indicators reflected bone homeostasis, such as cross-linked carboxy-terminal telopeptide of type I collagen (CTX-I), tartrate-resistant acid phosphatase 5b (TRACP-5b) and piezo-type mechanosensitive ion channel component 1 (PIEZO1).

Results: The data were analyzed retrospectively. among 88 evaluable patients, 45 were sepsis (19 were sepsis shock) and 43 were non-sepsis. There was no significant difference in age, gender, BMI, combination diseases, operation time, intraoperative blood loss, and hospital stay. Patients with sepsis or sepsis shock had higher serum CTX-I, TRACP-5b, PIEZO1 (p < 0.05). Spearman’s rank correlation test showed that CTX-I, TRACP-5b, PIEZO1 and the three together (CTX-I + TRACP-5b + PIEZO1) had strong correlation with sepsis or sepsis shock (p < 0.05). The receiver operating characteristic curve (ROC) and precision-recall curve (PRC) showed that these indicators could predict the occurrence of sepsis or sepsis shock (p < 0.05). Besides, decision curve analysis (DCA) and interventions avoided curve (IAC) displayed a high net benefit of bone homeostasis disorders indicators on sepsis or sepsis shock. Kaplan–Meier survival curves revealed that sepsis or shock patients with high value indicators (>0.47227) had a higher mortality (p < 0.05).

Conclusion: Bone homeostasis disorders could increase the mortality of sepsis and sepsis shock patients.
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Introduction

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection and nearly 20% of all deaths are related to sepsis (1–3). According to sepsis 3.0 diagnostic criteria, septic shock is a subtype of sepsis with more unstable circulation and higher mortality (4–8). The severity of sepsis is closely related to the body’s response to inflammation. Sepsis patients have multiple system organs regulation disorders and even function suppression (9, 10).

Bone is a tissue rich in nerve and blood vessels (11–13). Current studies have found that bone tissue is closely related to the inflammation regulation of patients (14–16). The concept of immune-skeletal interface has been proposed that immune cells directly regulate the bone microenvironment homeostasis (14, 17). Besides, osteoblast and osteoclast also play a very important role in immune cells functions and differentiation (16, 17). Although there are many studies on bone homeostasis and inflammation reaction, there is no report on the relationship between bone homeostasis and sepsis, especially sepsis shock.

We hypothesized that bone homeostasis disorders were closely related to sepsis and sepsis shock. Besides, bone homeostasis disorders would aggravate sepsis and even increase the mortality of patients. Therefore, a preliminary retrospective cohort study was conducted to investigate the relationship between bone homeostasis disorders and sepsis.



Materials and methods


Study design

This study was a retrospective cohort study observed the relation of bone homeostasis, sepsis and patients’ mortality. Primary outcome was serum indicators reflected bone homeostasis, such as cross-linked carboxy-terminal telopeptide of type I collagen (CTX-I), tartrate-resistant acid phosphatase 5b (TRACP-5b) and piezo-type mechanosensitive ion channel component 1 (PIEZO1). In additions, the secondary outcomes were acute physiology and chronic health evaluation-II (APACHE II) scores, sequential organ failure assessment (SOFA) scores, Combination diseases, such as hypertension, diabetes mellitus, coronary heart disease, chronic obstructive pulmonary disease (COPD), chronic kidney disease (CKD), cerebrovascular disease (CVD), acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), hepatic failure, disseminated intravascular coagulation (DIC), operation received, operation time, intraoperative blood loss (IBL), intraoperative fluid balance, mechanical ventilation time, ICU stay time, hospital stay time and 30-day all caused mortality.

Besides, some blood indicators were also measured, such as blood PH value, PaCO2, HCO3- concentration, blood lactic acid concentration, white blood cell number, hemoglobin, serum creatinine, serum alanine aminotransferase (ALT), aspartate transaminase (AST), B-type natriuretic peptide (BNP), albumin, blood calcium, and blood phosphorus.

The study was performed at Beijing Chao-Yang hospital affiliated to Capital Medical University between April 2018 and May 2022. It was approved by the ethics committee of Beijing Chao-Yang Hospital Affiliated to Capital Medical University (2020-ke-236) and the data were analyzed retrospectively.



Patients

The inclusion criteria for patients was as follows: (1) age ≥ 18 years; and (2) admitted to ICU. The exclusion criteria were: (1) pregnant and lying-in woman; (2) patients with nerve, brain or bone injury; (3) patients with metabolic and immune diseases, such as systemic lupus erythematosus, polymyositis and Sjogren’s syndrome; (4) patients treated with long-term glucocorticoid therapy; (5) patients receiving bone injury surgery, such as craniotomy, sternotomy, thoracoplasty; (6) patients with bone tumors, such as osteosarcoma, osteochondroma, bone metastasis; (7) patients with osteoarthritis, rheumatoid arthritis, bone non-union or fracture healing stage; (8) patients with insufficient serum samples and unable to complete the detection of serum bone homeostasis indicators; (9) patients loss of visit; (10) patients who did not meet the inclusion criteria.

Two clinical observers (XZ and JW) with clinical research experience enrolled the patients strictly according to the inclusion and exclusion criteria. The baseline information of patients was recorded, such as patient’s name, gender, age, and BMI.



Sample size

Stata/MP 16.0 software was used to calculate the sample size. There is no relevant clinical study on the relationship of bone homeostasis and sepsis. Therefore, the relevant pre-experiment was carried out and two patients were enrolled. The serum PIEZO1 concentration of sepsis patients were 15.43, 18.17 ng/ml and non-sepsis patients were 13.46, 10.41 ng/ml. CTX-I concentration of sepsis patients were 5.67, 4.71 ng/ml and non-sepsis patients were 3.47, 2.51 ng/ml. TRACP-5b of sepsis patients were 4.24, 5.64 mIU/ml and non-sepsis patients were 2.58, 2.25 mIU/ml. Alpha was set as 0.01 (two-sided) and power was set as 0.95. The ratio of sepsis group and non-sepsis group was 1. The calculated minimum sample size of each group was 9.



Definition and outcomes

Sepsis is defined by sepsis 3.0 as life-threatening organ dysfunction caused by a dysregulated host response to infection and sepsis shock defined as a subset of sepsis in which particularly profound circulatory, cellular, and metabolic abnormalities are associated with a greater risk of mortality than with sepsis alone (4). Clinical parameters to identify patients with sepsis are increasing in SOFA score ≥ 2 from baseline or qSOFA ≥ 2 and suspected infection (4, 5). The septic shock clinical parameters are: vasopressor requirement to maintain a mean arterial pressure of 65 mm Hg or greater and serum lactate level greater than 2 mmol/L (>18 mg/dl) in the absence of hypovolemia (4, 5).

The main collagen component in bone tissue is type I collagen, accounting for more than 90% of the bone matrix. CTX-I is a degradation product of type I collagen, which can sensitively and specifically reflect human bone destruction (18). Besides, TRACP-5b in human serum is mainly secreted by osteoclasts, and is also a sensitive and specific indicator of bone destruction (19). PIEZO1 is a mechanically sensitive ion channel protein and a key force sensor for osteoblast differentiation (20). The serum level of PIEZO1 indicates bone formation (20). In this study, bone homeostasis disorders were assessed using serum CTX-I, TRACP-5b and PIEZO1 concentration. The serum CTX-I, TRACP-5b and PIEZO1 were detected by ELISA.

APACHE II scores, SOFA scores, and the combination diseases were recorded at the time of patients’ serum collection (serum was to detect bone homeostasis indicators). The operation time, IBL, intraoperative fluid balance, mechanical ventilation time, ICU stay time, hospital stay time and 30-day all caused mortality were acquired by patient records checked and discharge 30-days follow up.

Besides, blood PH value, PaCO2, HCO3- concentration, blood lactic acid concentration, white blood cell number, hemoglobin, serum creatinine, serum ALT, AST, BNP, calcium, phosphorus and albumin were all measured at the same time of patients’ serum collection (serum was to detect bone homeostasis indicators).



Laboratory methods

Human CTX-I ELISA kit (CSB-E11224h, Cusabio, China), human TRACP-5b ELISA kit (CSB-E08490h, Cusabio, China) and human PIEZO1 ELISA kit (EH15116, FineTest, China) were used. 2 ml blood collected from patients was centrifuged at 3500 rm/r, 15 min. Then, CTX-I, TRACP-5b, and PIEZO1 of supernatant were detected according to the instructions of ELISA kit.



Statistical analysis

SPSS statistics 25.0 (IBM, Chicago, IL, USA), MedCalc v.20.014 (MedCalc Software Ltd., Ostend, Belgium1; 2021) and Stata/MP 16.0 (College Station, TX77845, USA) were used to analyze the data. Shapiro-Wilk test was used to evaluate the normality of the measurement data. If the measurement data followed normal distribution, it was described as means ± standard and compared by independent-sample t-test between two groups or one-way ANOVA for more than two groups. If the measurement data obeyed the skewed distribution, it was represented by median (quartile range) and compared by Mann–Whitney U test between two group and Jonckheere-Terpstra test for more than two groups. The enumeration data was represented by occurrence rate and compared by Chi-square test or Fischer’s exact test.

Correlation coefficients were obtained by applying Spearman’s rank correlation or Pearson correlation analysis. A receiver operating characteristic (ROC) curve and precision-recall curve (PRC) were used to evaluate the correlation intensity. The optimal cutoff value was determined by the Youden index.

Logistic regression analysis was performed to find out the relationship of CTX-I, TRACP-5b, and PIEZO1 with sepsis. Clinical parameters (not included CTX-I, TRACP-5b, and PIEZO1) with p < 0.10 in univariate analyses were included in the multivariate logistic regression model. The multivariate logistic regression model was used to constructed the clinic prediction model. Decision curve analysis (DCA) and interventions avoided curve (IAC) were used for exploring the value of bone homeostasis disorders in the treatment of sepsis and sepsis shock. Furthermore, Kaplan–Meier curves are provided for exploring the role of bone homeostasis disorders on the mortality of sepsis and sepsis shock patients. For all analyses, p < 0.05 was considered statistically significant.




Results


Demographic and clinical characteristics of the patients

During the study period, 88 patients were screened (Figure 1). Sepsis group were 45 patients, in additions, 29 were male and 16 were female. The age was 68 (17.5) years. In these patients, 19 were diagnosed sepsis shock. Sepsis shock patients had higher APACHE II scores, SOFA scores and longer mechanical ventilation treatment time, and higher 30-day all caused mortality. There was no significant difference in age and gender proportion among the groups, and the groups were comparable (Table 1).
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FIGURE 1
Study flow diagram.



TABLE 1    Demographics and baseline characteristics.
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Outcomes

The results of peripheral blood indicators in three groups were showed in Table 2. Sepsis patients had lower blood PH value, higher Lactic acid level, higher ALT, AST and BNP in serum (p < 0.05). Besides, sepsis patients had higher serum CTX-I, TRACP-5b, PIEZO1 level (p < 0.05), which meant that sepsis patients had bone homeostasis disorders.


TABLE 2    Study outcomes.
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The relation of sepsis and bone homeostasis disorders

Correlation test, ROC curve, DCA and IAC curve were used to evaluate the relation of sepsis and bone homeostasis disorders. Correlation test showed that CTX-I, TRACP-5b, PIEZO1 and the three together (CTX-I + TRACP-5b + PIEZO1) had strong correlation with sepsis (p = 0.03, p < 0.01, p = 0.03, p < 0.01, respectively). Besides, TRACP-5b, PIEZO1 and CTX-I + TRACP-5b + PIEZO1 had also strong correlation with SOFA scores (p = 0.03, p < 0.01, p < 0.01, respectively; Figure 2).
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FIGURE 2
Correlation analysis for sepsis and non-sepsis. (A,B) Sepsis vs. non-sepsis; (C,D) sepsis shock vs. non-sepsis. Red represented the data concentration area.


ROC curve results showed that these indicators could predict the occurrence of sepsis (p = 0.02, p < 0.01, p = 0.02, p < 0.01, respectively; Figure 3). Area under the ROC curve (AUC) were 0.636, 0.665, 0.637, and 0.722, which further confirmed the correlation test results. The PRC results further confirmed the ROC results (details in Supplementary material).
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FIGURE 3
ROC analysis results. (A) Sepsis vs. non-sepsis; (B) sepsis shock vs. non-sepsis.


DCA curve showed the value of bone homeostasis disorders in the treatment of sepsis (Figure 4). The X-axis indicates the threshold probability for sepsis development and the Y-axis indicates the net benefit. A high net benefit was provided by those indicators models that are far away from the slanted dash blue line and the horizontal red line (Figure 4). IAC results showed the treatment value of bone homeostasis disorders in sepsis. The X-axis also indicates the threshold probability for sepsis development and the Y-axis indicates the net reduction in intervention per 100 patients. The result showed that sepsis at 60% of the probability threshold, bone homeostasis indicators could reduce nearly 25% patients using the existing diagnosis means in clinic, including invasive operation inspection (Figure 5).
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FIGURE 4
DCA results. (A) Sepsis vs. non-sepsis; (B) sepsis shock vs. non-sepsis.
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FIGURE 5
IAC analysis results. (A) Sepsis vs. non-sepsis; (B) sepsis shock vs. non-sepsis.




The relation of sepsis shock and bone homeostasis disorders

The correlation between sepsis shock and bone homeostasis disorders was also assessed. Correlation test showed that CTX-I, TRACP-5b, PIEZO1 and the three together (CTX-I + TRACP-5b + PIEZO1) had strong correlation with sepsis shock (p < 0.01, p < 0.01, p = 0.02, p < 0.01, respectively) and SOFA (p = 0.03, p < 0.01, p < 0.01, p < 0.01, respectively; Figure 2).

ROC curve results further confirmed the correlation test results, which showed that these indicators could predict the sepsis shock occurrence (p < 0.01, p < 0.01, p = 0.02, p < 0.01, respectively; Figure 3). The AUC were 0.747, 0.733, 0.680, and 0.775. The PRC results further confirmed the ROC results (details in Supplementary material).

DCA showed that the high net benefit was provided by those indicators models that are far away from the slanted dash blue line and the horizontal red line (Figure 4). IAC results showed that the bone homeostasis indicators could reduce almost 40% patients using the existing diagnosis means in clinic, including invasive operation inspection, when sepsis shock at 40% of the probability threshold (Figure 5).



Bone homeostasis disorders and the mortality of sepsis shock

Kaplan–Meier curves are explored the relationship between bone homeostasis disorders and the mortality of sepsis, sepsis shock. The Youden index was used to calculate the optimal cutoff value. The cutoff value of the three indicators together (CTX-I + TRACP-5b + PIEZO1) on sepsis prediction was 0.47227 and on sepsis shock prediction was 0.27256. Then, sepsis or sepsis shock patients were divided into two groups based on the value of the three indicators together. Kaplan–Meier curves showed the mortality difference of the two groups. Sepsis patients with high value (>the cutoff value of the three indicators together) had the higher mortality (p < 0.01), besides, the curve showed a higher mortality of sepsis shock patients with high value (>the cutoff value of the three indicators together) (p = 0.02; Figure 6).


[image: image]

FIGURE 6
Kaplan–Meier curves. (A) Sepsis vs. non-sepsis; (B) sepsis shock vs. non-sepsis.





Discussion

Bone tissue is rich in nerve and blood vessels. In recent years, it has been found that bone tissue has a regulatory effect on various organs of the body, such as brain, kidney, and liver (21–23). Besides, bone played a very important role on immune functions (14–16). Bone homeostasis reflects immune system reaction abilities. Sepsis causes organ dysfunction after infection, which is closely related to body immune system. So far, there is no specific effective drugs on sepsis treatment, and nearly 20% of all deaths are sepsis related (3). To find out the influence factors of sepsis occurrence and development, so as to provide a research basis for finding drugs for the treatment of sepsis or early diagnosis. At present, there is no research on the relationship between bone homeostasis and sepsis. This study was used retrospective cohort study method to preliminarily explore the relationship between bone homeostasis and sepsis.

CTX-I, TRACP-5b, and PIEZO1 were used as indicators to evaluate bone homeostasis disorders. First, comparing sepsis group with non-sepsis group, it was found that CTX-I, TRACP-5b, and PIEZO1 in sepsis group all were significantly higher than that in non-sepsis group, which indicated that sepsis could lead to bone homeostasis disorders. At the same time, the CTX-I, TRACP-5b, and PIEZO1 of sepsis shock group were also higher than that of sepsis group, indicating that the disorders of bone homeostasis increased as the aggravation of sepsis.

CTX-I is the degradation product of type I collagen. Collagen in bone tissue is mainly type I collagen. This study found that sepsis is associated with CTX-I, indicating that sepsis may be closely related to type I collagen metabolism. At present, there are few literatures on the correlation between collagen metabolism and sepsis. Gäddnäs et al. (24) found that collagen degradation was associated with sepsis in 2009. However, type I and type II were not clear (25). TRACP-5b is a cytokine mainly secreted by osteoclasts, which can sensitively and specifically reflect the activity of osteoclasts in the body. Our study found that elevated TRACP-5b could predict sepsis occurrence and was closely related to sepsis mortality. At present, only a few studies have found a possible relationship between osteoclast function and sepsis through transcriptomics (26, 27). This study provided a basis for exploring the relationship between osteoclasts and sepsis. PIEZO1 is a mechanically sensitive protein and is closely related to osteoblast differentiation. At present, there are few studies on PIEZO1 and sepsis. Aykut et al. (28) proposed that PIEZO1 might be related to sepsis. Inhibition of PIEZO1 had a positive effect on the treatment of sepsis. However, the specific mechanism was needed the further study.

Since there were differences in bone homeostasis indicators among sepsis, sepsis shock and non-sepsis groups, correlation was used to evaluate whether there was a relationship between bone homeostasis and sepsis, sepsis shock. The results showed that there was a strong correlation between bone homeostasis disorders and sepsis, sepsis shock. Z.A. Puthucheary et al. (29) investigated the relationship between sepsis and bone. They used rat sepsis model induced by cecal ligation and puncture (CLP) and found that rat femoral trabecular bone strength was reduced within 24 h and was associated with collagen reduction. J. Bayer et al. (30) also used animal CLP induced sepsis model and proposed that the bone was the major source of high circulating intact fibroblast growth factor-23 in asepsis animal. A. Terashima (31) reviewed the role of bone cells in immune regulation during the course of infection and summarized that bone homeostasis played a crucial role in infection. However, few clinical studies explored the relationship between bone homeostasis and sepsis, sepsis shock. Moreover, whether bone homeostasis disorders aggravated sepsis severity had not been discussed.

In addition to the strong correlation between bone homeostasis and sepsis, we also used bone homeostasis indicators (CTX-I, TRACP-5b, and PIEZO1) to predict sepsis and sepsis shock. The ROC and PRC results showed that bone homeostasis indicators could predict the occurrence of sepsis and sepsis shock, which is a surprising result. Besides, the prediction efficiency was above 0.5. At present, there was no reports about the prediction of bone homeostasis on sepsis. DCA and IAC results confirmed the ROC results, which showed a high net benefit provided by bone homeostasis indicators on sepsis or sepsis shock.

Since bone homeostasis could predict sepsis and sepsis shock, we further evaluated the relationship between bone homeostasis and mortality of sepsis or sepsis shock. The Youden index was used to calculate the optimal cutoff value and the cutoff value was used to divided group. We found that patients with bone homeostasis indicators exceeded the cutoff value had higher mortality, both in sepsis and sepsis shock patients. This indicated that bone homeostasis disorders could aggravate the illness degree of sepsis patients.

The innovation of this study was obvious. First of all, we found that sepsis and sepsis shock were related to bone homeostasis disorders through clinical observation. Secondly, we used a variety of statistical methods, including DCA, IAC, PRC, and found that bone homeostasis indicators could predict the occurrence of sepsis and sepsis shock. Finally, we found that bone homeostasis disorders could increase the mortality of sepsis and sepsis shock patients through Kaplan–Meier curve.

The limitations of this study were also obvious. Firstly, although we calculated the sample size, the sample size of this study was still small. Secondly, this study was a retrospective study, not a prospective cohort study. Besides, this study included a single center and we planned to carry out a multicenter prospective cohort study in future. Thirdly, because this study did not use external data including public databases to validate, the results have limitations. Besides, there was no significant difference in age, gender, BMI, combination diseases between sepsis and non-sepsis group, which might be the result of limited sample size. Fourthly, the bone homeostasis biomarkers could be time-varying in a longitudinal dataset, which was not currently captured (32). In addition, the causal relationship between these bone homeostasis biomarkers and sepsis outcomes was not clear. This was required animal experiments or cell experiments to explore the relationship. Finally, we intended to explore the regulatory mechanism between bone homeostasis and sepsis by animal or cell experiments, so as to provide a research basis for the treatment of sepsis.



Conclusion

Bone homeostasis was closely related to the occurrence of sepsis and sepsis shock. The indicators, such as CTX-I, TRACP-5b, and PIEZO1, could predict the occurrence of sepsis and sepsis shock. Using these indicators to predict sepsis could get good net benefit. In additions, bone homeostasis disorders could increase the mortality of sepsis and sepsis shock patients, which were a notable problem.
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Objectives

The causal direction and magnitude of the association between total body bone mineral density (TB-BMD) and osteoarthritis (OA) risk is uncertain owing to the susceptibility of observational studies to confounding and reverse causation. The study aimed to explore the relationships between TB-BMD concentration and OA using Mendelian randomization (MR).



Methods

In this study, we used two-sample MR to obtain unconfounded estimates of the effect of TB-BMD on hip and knee OA. Single nucleotide polymorphisms (SNPs) strongly associated with TB-BMD in a large genome-wide association study (GWAS) were identified and selected as instrumental variables (IVs). In addition to the main analysis using inverse-variance weighted (IVW) method, we applied 2 additional methods to control for pleiotropy(MR-Egger regression, weighted median estimator) and compared the respective MR estimates.



Results

MR analyses suggested that genetically predicted higher TB-BMD is associated with risks of hip OA (For IVW: OR=1.199, 95%CI: 1.02-1.42, P=0.032; for WM: OR=1.257, 95%CI: 1.09-1.45, P=0.002). There was no evidence that the observed causal effect between TB-BMD and the risk of hip OA was affected by genetic pleiotropy(P=0.618). Additionally, our study didn’t support causal effects of a genetically increased TB-BMD risk on knee OA risk(OR=1.121, 95%CI: 0.99-1.28, P=0.084 using IVW; OR=1.132, 95%CI: 0.99-1.29, P=0.068 using WM; OR=1.274, 95%CI: 0.88-1.85, P=0.217 using MR-Egger).



Conclusions

Our findings support a causal effect that a genetic predisposition to systematically higher TB-BMD was associated with the risk of OA. And, TB-BMD likely exerts an effect on the risk of hip OA not knee OA.





Keywords: osteoarthritis, bone mineral density, single nucleotide polymorphisms, Mendelian randomization, genome-wide association studies



Introduction

Osteoarthritis (OA) is the most prevalent musculoskeletal disease and the most common form of arthritis (1, 2). The hallmarks of OA are the degeneration of articular cartilage, remodeling of the underlying bone and synovial (3). As the leading cause of disability worldwide, it affects 40% of individuals over 70 years old and carries a substantial public health and health economic burden (4, 5). The health economic burden of OA is continually rising, commensurate with longevity and obesity rates, and current disease-modifying treatment is minimally effective (6). As a highly heterogeneous disease, the pathological features of OA include pain, inflammation, cartilage degradation and bone spurs. The heritability of the disease is over 50%, and previous genetic studies have identified 21 loci in total across hip, knee, and hand sites with limited overlap (5).

Bone mineral density (BMD) is considered to be one of the integral influences in the pathogenesis of OA. The association between BMD and OA was first reported by Foss in 1972 when they observed that higher BMD in femoral heads resected during OA-related hip replacement surgery (7). A cross-sectional study suggested that higher BMD was associated with an increased risk of incident OA defined by osteophyte or Kellgren-Lawrence(KL) grade, suggesting that increased BMD is a risk factor for OA development (8). Women with radiographic hip OA had a 9%-10% higher BMD of the femoral neck compared to those without OA (9). Previous studies indicated that male hand OA patients have reduced radial trabecular density and thickness in the distal radius (10).

Genome-wide association studies (GWAS) have made an important contribution to the identification of genetic variants associated with numerous potential risk factors for health-related outcomes. The GWAS results have facilitated the use of Mendelian randomization(MR) to evaluate causal relationships making use of summary-level data from GWAS between modifiable exposures and outcomes (11). MR uses genetic variants as instrumental variables(IVs) to detect whether the exposure phenotype has a causal effect on the outcome phenotype (12). This approach can overcome common pitfalls of traditional research, such as confounding factors and reverse causality (13). MR method has been applied to estimate the causal associations between parathyroid Hormone (14), insulin-like growth factor-1(IGF-1) (15), and smoking behavior (16), and OA.

Compelling evidence has suggested that a causal effect of high femoral neck BMD on the risk of knee OA and hip OA is predominantly reflecting cortical bone mass (17). However, these studies are susceptible to confounding and reverse causation, and thus it remains unclear whether these associations are accurate. Inferring causality from such studies is challenging because it is difficult to exclude reverse causality, confounding, or measurement error. The relationship between BMD and OA has always been a controversial issue, especially for different sites. The identification of risk factors for primary prevention is therefore of major interest as a method to reduce the incidence and consequences of the disease. Understanding the role of BMD in the pathogenesis of OA may have important therapeutic significance, and this would be of clinical relevance for OA prevention in high-risk individuals since lower total body BMD(TB-BMD) is common and safely correctable in elderly adults.

To the best of our knowledge, the role of TB-BMD in OA risk has not been well established through observational studies. Herein, we used genetic variations strongly associated with TB-BMD traits as unconfounded instruments to investigate the potential causal effect of TB-BMD on the risk of integrating knee OA and hip OA in individuals of similar European origin. In our study, we applied two-sample MR, an approach that combines summary statistics on the genetic variant to exposure and genetic variant to outcome associations from different samples, to provide estimates on the strength of the association between exposure and outcome.



Materials and methods


Study overview

This study determined whether TB-BMD was causally related to OA using MR analysis. First, the genetic variants utilized as instrumental variables (IVs) should not be associated with confounders. Second, genetic variants should not be associated with confounders. Third, the genetic variants should affect the risk of the outcome through the risk factor, not via other pathways. The MR analysis followed strictly the STROBE-MR Statement (18).

As this study is based on existing publications and public databases, no additional ethical approval or consent to participate is required. Further details on the design strategy are shown in Figure 1.




Figure 1 | An overview of the study design. SNP, single-nucleotide polymorphism; TB-BMD, total body bone mineral density; OA, osteoarthritis. Assumption 1: the instrumental variables (IVs) must be robustly associated with the exposure. Assumption 2: the IVs must not be associated with any confounding factors of the exposure-outcome relationship. Assumption 3: the IVs must only affect the outcome through the exposure. *Primary analyses: inverse-variance weighted (IVW) method, weighted median estimator, and MR-Egger regression. †Sensitivity analyses: cochran’s Q test and leave-one-out analyses.





Selection of genetic variants

Publicly accessible data for genetic variants associated with TB-BMD were retrieved obtained from the GEnetic Factors for OSteoporosis(GEFOS) consortium (http://www.gefos.org/). Summary data from a previous meta-analysis of 30 GWASs of TB-BMD including 66,628 individuals (56,284 individuals of European ancestry) was performed to investigate genetic determinants of TB-BMD variation (19). The SNPs of TB-BMD were already corrected covariates (age, weight, height and so on) via linear regression models (19).

Screening criteria for TB-BMD-associated SNPs: (i)SNPs have significance in genome-wide studies(P<5×10−8). (ii)All IVs were independent with linkage disequilibrium(LD)(r2<0.001), which validated the independence of selected genetic variants (20).



OA GWAS summary statistics

We searched the NHGRI-EBI GWAS catalog (www.ebi.ac.uk/gwas), which is a manually curated collection of complete GWAS summary datasets. Summary statistics for the effect of TB-BMD-associated SNPs on OA were derived from a genome-wide meta-analysis that included up to 455,221 European individuals (77,052 cases and 378,169 controls), complying with genotype data across 17.5 million variants from the UK Biobank and Arthritis Research UK OA Genetics(arcOGEN) resources (21).



Statistical analysis

The MR approach was used to identify the potential causal link of TB-BMD with knee OA and hip OA. All statistical data analyses were carried out using the package “TwoSampleMR” of the R program (version 4.1.0). The two-sample MR method was estimated for the genetically causal associations were obtained by applying the inverse-variance weighted (IVW) analysis, weighted median(WM) estimator, and MR-Egger regression (22–25). The IVW method examines the causal link by performing a meta-analysis of each Wald ratio for the included SNPs (23). Significantly, the IVW analysis is predicated on the assumption that all of the contained SNPs are genuine variables (23). Unlike the IVW method, the MR-Egger regression can work even if all of the SNPs are invalid. However, MR-Egger may be inaccurate, especially when the correlation coefficient between SNPs and the exposure is similar or the number of genetic instruments is small (22). The WM estimator produced the median when the effect estimations of each single SNP were sorted in order of weight values (24). The estimation of the causal relationship between TB-BMD and OA was expressed as odds ratio(OR) and 95% confidence interval(CI). In addition, P<0.05 was the threshold for a significant difference.

MR analysis assumes that the selected IVs should act on the outcome only through the exposure variable. To eliminate the impact of known confounding factors on causality estimates, potential pleiotropic effects of selected SNPs on BMD were verified via the Ensembl project (http://www.ensembl.org) and the PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk). We systematically checked each SNP on the both websites and comprehensively aggregated the results. Finally, we excluded one SNP(rs2043230) at-a-time and performed analysis on the remaining SNPs to identify outlying IVs.



Heterogeneity and sensitivity test

In analyses of two-sample MR, pleiotropy represents those genetic variants or SNPs with multiple effects. That is, pleiotropic genetic variants or SNPs may have an effect on the outcome, not the exposure, which could cause a bias in the MR estimate and potential confounding effects; thus, investigating pleiotropy is essential. In the study, we removed SNPs one by one using the “leave-one-out” analysis and calculated the combined effect of the remaining SNPs separately to determine the magnitude of the effect of each SNP on the results. If the results of the “leave-one-out” analysis are inconsistent with the results of the causal effects analysis, it indicates that there may be effect on the estimated causal effects (22). Also, heterogeneity test is essential. We used Cochran’s Q statistics to explore heterogeneity among these SNPs (26). In cases where Cochran’s Q test indicated there was pleiotropy, we adopted the results of a random effects model instead of a fixed effects IVW model. For the sensitivity test, we performed a subgroup analysis utilizing only IV SNPs with genome-wide significance(P<5×10−8).




Results

The detail of studies and datasets was presented in Table 1. The participants were all of European(100%), overcoming the issue of ethnic differences.


Table 1 | Details of Studies and Datasets Used in the Study.




Characteristics of instrumental variables

The original data of IVs can be obtained from the link (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5777980/). Genetic variants were screened according the criteria of screening(P<5×10−8, r2<0.001, kb=10000). Eventually, 29 SNPs were employed as IVs for TB-BMD in the present study (Table 2). The associations between IVs for knee OA and hip OA are summarized in Supplementary Tables 1, 2, including the chromosome location, genes, effect allele(EA), other allele and effect allele frequency(EAF). In addition, estimations of the association between each SNP with TB-BMD and OA, including beta value, standard error(SE) and P value, were also presented.


Table 2 | Characteristics of SNPs for TB-BMD.





Causal association with knee OA and hip OA

One palindromic SNPs (rs2043230) with intermediate allele frequencies was removed. Thus, 28 independent SNPs associated with TB-BMD in European ancestry were chosen to perform the MR analysis for the causal link between TB-BMD and knee OA and hip OA. None of the individual 28 SNPs was associated with knee OA in the study(OR: 1.121, 95%CI: 0.99-1.28, P=0.084 using IVW; OR: 1.132, 95%CI: 0.99-1.29, P=0.068 using WM; OR: 1.274, 95%CI: 0.88-1.85, P=0.217 using MR-Egger)(shown in Table 3).


Table 3 | MR estimates of associations between TB-BMD with knee and hip OA using various analysis methods.



The association between genetically predicted TB-BMD and hip OA were detected using the IVW method (OR=1.199), although with a wider CI(95%CI: 1.02-1.42, P=0.032). The association between genetically predicted TB-BMD and hip OA was consistent with IVW method using WM method (OR=1.257, 95%CI=1.09-1.45, P=0.002) (Table 3; Figure 2). There was no causal association between TB-BMD and hip OA using MR-Egger analysis(OR: 1.347, 95% CI: 0.83-2.18, P=0.235), and this was inconsistent with WM and IVM methods.




Figure 2 | Scatter plots of the Mendelian randomization analyses for the association of TB-BMD with the risk of hip OA. The red line represents the inverse variance weighted estimate, the green line represents the Weighted median estimate, the blue line represents the MR-Egger estimate.





Sensitivity analysis

According to Cochran’s Q test, there was no evidence of heterogeneity between the MR estimates based on individual variants using IVW method (For knee OA, Q value=76.61, P=0.484; for hip OA, Q value=79.22, P=0.618) (Table 3). The “leave one out” analysis revealed that no single SNP play a decisive role in the causal inference (Figure 3).




Figure 3 | Forrest plot of the causal effects of TB-BMD-associated single nucleotide polymorphisms (SNPs) on hip OA.






Discussion

The causal direction and magnitude of the association between TB-BMD and risk of OA is uncertain, and observational studies make up the majority of previous research. Observational studies are susceptible to demonstrate confounding, reverse causation bias, and measurement error, all of which limit their ability to provide causal estimates of the effect of exposures on outcomes, thereby reducing their ability to inform prevention and treatment strategies against the disease. Unlike observational studies, MR uses exceptional genetic variants that are assumed to satisfy the IVs hypothesis to investigate the question of causality in epidemiological studies, which minimizes the possibility of inherent bias (27). Compared with randomized controlled trials, MR analysis is cost-effective and feasible (28).

In this study, we explored the relationship between TB-BMD and OA risk via a two-sample MR analysis based on 28 SNPs significantly related to TB-BMD as genetic variants. Despite the fact that the MR estimates from IVW, MR-Egger, and WM analysis were inconsistent, the IVW and WM estimators support a causal inverse relationship between TB-BMD and hip OA. The MR analysis suggests that a causal relationship between TB-BMD and hip OA, as the weighted average retains greater precision in the estimates compared to the MR-Egger analysis. However, there is no evidence of a causal association between TB-BMD and knee OA based on these three analyses. MR provide insights into the nature of the genetic aetiology we observed. Large-scale whole genome sequencing studies of well phenotyped individuals across diverse populations will capture the full allele frequency and variation type spectrum, and prompt us to explore the causes of this debilitating disease. This MR approach offers an alternative analytical technique being able to reduce conventional patterns of confounding and reverse causation and re-estimate observations in a framework allowing causal inference. These findings present important novel evidence on the etiology of OA.

OA was previously thought to be a cartilage disease, whereas it is now considered as a disease of the entire joint with other articular components playing a key role in the pathogenesis of OA (29). The central feature of OA is joint cartilage degradation and loss, which is manifested radiographically as a narrowing of the joint space. Because of cartilage loss and metabolic disturbances, the biomechanics of the joint change during the process of OA development result in altered subchondral bone elasticity and stiffness (30). Possible mechanisms whereby changed BMD in the subchondral bone(the region of bone immediately beneath the cartilage that includes the cortical plate and the subchondral cancellous bone) and altered gene expression might be potential players in cartilage degeneration pathogenesis (31). The potential mechanisms underlying the association need to be more thoroughly evaluated.

The reliability of the findings from a MR study depends on 3 key assumptions, which could be violated by population stratification, canalization, pleiotropy and linkage disequilibrium. Since not all genetic variants used as proxies for the exposure of interest may fulfill the “no pleiotropy” assumption, several approaches were undertaken to assess and adjust for potential confounding or pleiotropic effects. Sensitivity analyses using Cochran’s Q statistics and the “leave-one-out” method to explore and adjust for pleiotropy were also conducted. Pleiotropy is defined as the phenomenon in which a single locus affects two or more distinct phenotypic traits, resulting in compromises between trait adaptations because a mutation that benefits one trait may harm another (32, 33). The credibility of MR study results is likely to be affected by whether pleiotropy leads to bias. The results were consistent across these analyses, indicating that confounding is unlikely to explain the observed associations. Linkage disequilibrium with directly causal variants (violating the third assumption) was likely avoided owing to the use of multiple SNPs, most of which were positively associated with hip OA.

Recently, the temporal relationship between BMD and OA has been confirmed. In Johnston County, North Carolina (NC), higher BMD was associated with a lower risk of hip OA among adults aged 45 years old. Intermediate, but not high, BMD levels were linked to an increased risk of knee and hip OA (34). A case-control study provides strong evidence that high baseline femoral neck BMD is significantly related to the incidence of knee and hip OA, but not the incidence of hand OA. Whereas high baseline BMD is not associated with the progression of knee OA (35). Both men and women have presented lower fracture risk when their BMD is higher, particularly in the hip site (36). In middle-aged and older adults, lower fracture risk may be offset by an increased risk of incident knee OA (37). In postmenopausal women, there has been a similar link between higher BMD and incident radiographic hip OA (38). These studies are consistent with the results of the causal analysis.

The strengths of this MR analysis include the availability of larger sample size and the use of multiple uncorrelated SNPs associated with BMD based on published GWAS meta-analysis data, which increase the precision of the estimates. Moreover, a two-sample MR obtains IV-exposure and IV-outcome associations from two different sets of participants. Two-sample MR that uses the effect of IVs on the exposure and the outcome phenotype from two independent studies can greatly increase the power of detecting causality compared with a single sample study (39). Most importantly, population stratification arises when different subgroups of the population vary substantially. This bias can be mitigated by limiting the analysis to ethnically homogenous groups. The participants contributing to this study were composed of European descent populations, and the SNPs have been consistently associated with BMD in populations of different ancestries.

This study has several limitations that need to be considered. First, the overall estimate of the genetic association was based on a publicly available summary meta-analysis, and the study lacked complete information on sex and age. Therefore, subgroup analyses could not be conducted to explore the association separated by study-specific characteristics(e.g. age, gender), and a potential non-linear association between serum BMD levels and OA could not be further evaluated. A potential limitation is that datasets with a larger number of OA cases and non-cases were unavailable in the study. Genetic variants generally have small effects on the exposure and possibly explain only a small proportion of the variance, and large sample sizes are necessary to obtain statistically significant results. Other study limitations include an inability to exclude the existence of smaller associations and a lack of evidence from non-European populations.

In conclusion, our findings provide some support for a causal effect, whereby a systematically higher genetic susceptibility to TB-BMD is associated with an increased risk of OA. The use of multiple SNPs in MR analysis has also established that increased BMD is associated with the risk of hip OA, but not with an increased knee OA risk. Whether the risk of hip OA associated with lifelong genetic exposure to increased BMD can be translated into a risk associated with short-term to medium-term body load is unknown. Given that TB-BMD status is a modifiable trait, these results may have clinical and public health implications that need confirmation by further larger MR studies and clinical trials.
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Purpose

Primary hyperparathyroidism (PHPT) is characterized by increased bone remodeling and hypercalcemia. Parathyroidectomy (PTX), the current standard of care, is recommended in all symptomatic and some groups of asymptomatic patients. Anti-resorptive therapies (bisphosphonates and denosumab) have been used in patients where PTX is refused or contraindicated. In this meta-analysis, we investigated the effectiveness of anti-resorptives in preventing/treating PHPT-induced bone loss and mitigating hypercalcemia.



Method

PubMed, Scopus, and Cochrane Library databases were searched for articles with keywords containing PHPT, bisphosphonates, and denosumab in various combinations. We extracted and tabulated areal BMD (aBMD), serum mineral, and bone turnover parameters from the qualified studies and used comprehensive meta-analysis software for analysis.



Results

Of the 1,914 articles screened, 13 were eligible for meta-analysis. In the pooled analysis, 12 months of anti-resoptives (bisphosphonates and denosumab) therapy significantly increased aBMD at the lumbar spine (Standard difference in means (SDM)=0.447, 95% CI=0.230 to 0.664, p=0.0001), femoral neck (SDM=0.270, 95% CI=0.049 to 0.491, p=0.017) and increased serum PTH (SDM=0.489, 95% CI=0.139 to 0.839, p=0.006), and decreased serum calcium (SDM=-0.545, 95% CI=-0.937 to -0.154, p=0.006) compared with baseline. 12 months of bisphosphonate use significantly increased aBMD only at the lumbar spine (SDM=0.330, 95% CI=0.088 to 0.571, p=0.007) with a significant increased in serum PTH levels (SDM=0.546, 95% CI= 0.162 to 0.930, p=0.005), and a decreased in serum calcium (SDM=-0.608, 95% CI=-1.048 to -0.169, p=0.007) and bone-turnover markers (BTMs) compared with baseline. Denosumab use for 12 months significantly increased aBMD at both the lumbar spine (SDM=0.828, 95% CI=0.378 to 1.278, p=0.0001) and femur neck (SDM=0.575, 95% CI=0.135 to 1.015, p=0.010) compared with baseline. Mean lumbar spine aBMD (SDM=0.350, 95% CI=0.041 to 0.659, p=0.027) and serum PTH (SDM=0.602, 95% CI= 0.145 to 1.059, p=0.010) were significantly increased after 12 months of alendronate use compared with placebo. When compared with baseline, alendronate significantly decreased BTMs after 12 months and increased aBMD without altering the PTH and calcium levels after 24 months.



Conclusion

Anti-resorptives are effective in mitigating bone loss and hypercalcemia in PHPT while maintaining or increasing aBMD. PTX reversed all changes in PHPT and normalized PTH levels.





Keywords: primary hyperparathyroidism, bisphosphonates, denosumab, bone mineral density, bone turnover markers, anti-resorptives



1 Introduction

Primary hyperparathyroidism (PHPT) is a disorder of mineral metabolism that is commonly observed in women of age 50 to 60 years (1–3). It is characterized by autonomous parathyroid hormone (PTH) secretion resulting in myriad systemic manifestations such as bone mineral loss, osteoporosis, fractures, lytic lesions, renal stones, and hypercalcemia (3). Low bone mineral density (BMD), osteopenia, and osteoporosis are frequently observed in women with PHPT (4). PHPT is characterized by an increase in the activation frequency of bone multicellular units (BMUs), resulting in an enlarged bone remodeling space. Specifically, cortical bone porosity and endocortical bone resorption are increased, leading to cortical bone loss with relative preservation of trabecular bones (5). These skeletal events account for increased calcium and bone turnover markers (BTM) in both serum and urine (6). PHPT increases fracture risk; thus, treatment strategies aiming to ameliorate hypercalcemia and improving BMD are likely to be clinically relevant.

Parathyroidectomy (PTX) is the standard of care for treating symptomatic PHPT and, in some cases of asymptomatic PHPT (3). According to the guidelines issued by the Third International Workshop on the Management of Asymptomatic Primary Hyperparathyroidism, PTX has been recommended for those with osteoporosis (T-score ≤ −2.5 at the hip, spine, or one-third distal radial site), hypercalcemia (serum calcium > 0.25 mmol/L above normal), creatinine clearance below 60 mL/min, or age < 50 years (7). Besides restoring normocalcemia, PTX increases BMD and decreases fracture risk in patients with osteoporosis and osteopenia (8). However, up to 75-80% of PHPT patients are asymptomatic at the time of presentation (9), and not everyone fits the aforementioned criteria for surgery. Therefore, specific pharmacotherapy targeting hypercalcemia and/or low BMD may be beneficial if the patient does not meet surgical requirements or presents with some medical contraindication/is unwilling for surgery (7).

Current pharmacotherapy for PHPT consists of calcimimetics (cinacalcet) to suppress PTH secretion (10) and anti-resorptive drugs, including bisphosphonates (BPs) and denosumab (RANKL neutralizing antibody) (11). Anti-resorptives are attractive because they increase BMD and reduce fracture risk in postmenopausal and senile osteoporosis patients. Because the characteristics of bone loss in PHPT differ from those seen in postmenopausal osteoporosis, it is essential to establish the usefulness of these therapies in increasing bone mass in PHPT. A systematic review observed that BPs improved BMD in PHPT patients but lowered serum calcium transiently (12).

This meta-analysis was undertaken to determine the effect of anti-resorptives (BPs, and/or denosumab) on areal BMD (aBMD), bone turnover markers (BTMs), calcium and phosphate levels in patients with PHPT (asymptomatic or surgery contraindicated) compared with placebo or baseline.



2 Method


2.1 Search strategy

The electronic databases PubMed (1976 to May 2022), Scopus (1998 to May 2022), and Cochrane Library (until May 2022) were searched to identify the studies that assessed the effect of BPs, denosumab, and BPs or denosumab compared with PTX in PHPT patients. The search strategy included various combinations of keywords and Boolean operators. The search terms included “PHPT, bone, BPs”, “PHPT, bone, Denosumab”, “PHPT, bone, alendronate”, “PHPT, bone, zoledronate”, “PHPT, bone, risedronate”, “PHPT, bone, etidronate”, “PHPT, bone, ibandronate”, “PHPT, bone, clodronate”, “PHPT, bone, neridronate”. The PRISMA flow diagram shows the findings of literature search and screening of the studies (Figure 1).




Figure 1 | PRISMA flow diagram.





2.2 Inclusion and exclusion criteria

Inclusion criteria were as follows (1): original research and full-text articles published in the English language (2), studies where the PHPT is confirmed by hypercalcemia and elevated PTH levels (3), studies where the bone parameters such as aBMD at any site such as the lumbar spine, femoral neck, total hip or distal radius and BTMs were measured (4), retrospective studies, prospective studies and randomized controlled trials, and (5) sufficient quantitative data (mean± SD/SEM) is presented. The exclusion criteria included (1) studies where the PTX and drug treatment were given simultaneously (2), data represented in median±interquartile range (3), aBMD represented in terms of t-score, z-score because reference value is not given, which can be used to convert t-score to g/cm2 (4), reviews, case reports, book chapters, and letters to the editor, and (5) articles published in languages other than English. There were no limitations with regard to age and gender.



2.3 Data extraction

Two reviewers (SR and NC) independently assessed the studies for their eligibility. Disagreements with the eligibility of studies were resolved by discussion with all authors. Data were extracted from each article in the numeric form from tables and bar/XY plots using the WebPlotDigitilizer program (13). Data were tabulated from each eligible study for the following parameters: author name, year of publication, number of patients, aBMD at different sites such as the lumbar spine, femoral neck, total hip, and distal radius, serum PTH levels, serum calcium, serum phosphate, serum osteocalcin (OCN), serum bone alkaline phosphatase (BALP), serum CTX-I, age, and gender. Extracted data were transformed from % change in mean to absolute change in mean after treatment using (after treatment – before treatment)/before treatment * 100 = % change. Data extracted from all articles included in the meta-analysis showed in Table 1.


Table 1 | Data extracted from all articles included in the meta-analysis.





2.4 Outcome assessment

Based on the type of drugs used, studies were categorized into the following groups: BP, denosumab, and PTX. In the present study, bone loss was assessed by aBMD and BTMs (OCN, BALP, and CTX-I). The effect of various drugs in PHPT patients were assessed on serum PTH, calcium, and phosphate levels.



2.5 Quantitative data analysis

Cochrane’s Q test determined the degree of heterogeneity among the studies and heterogeneity index (I2), considering p value < 0.05 as statistically significant. The I2 value lies between 0 and 100%; I2> 75% indicates high heterogeneity, I2> 50% indicates moderate heterogeneity, and I2< 25% suggests low heterogeneity. Significant heterogeneity favors the use of the random effects model, while low heterogeneity favors the use of the fixed effect model. The comprehensive meta-analysis software (CMA) was used to perform the pooled data analysis.



2.6 Sensitivity analysis

The CMA software was used to determine the degree of sensitivity among these studies. The pooled effect size was determined using single-study exclusion statistics to identify the sensitive studies, the exclusion of which would bring drastic changes to the inference.



2.7 Publication bias analysis

Publication bias was assessed qualitatively and quantitatively using funnel plot and Egger’s regression intercept test and Begg and Mazumdar rank correlation test, respectively. Publication bias was adjusted by calculating unbiased estimates using Duval and Tweedie’s trim and fill method.




3 Results


3.1 Study characteristics and quality

A literature search for the effect of BPs and denosumab on PHPT-induced bone loss identified 3,891 articles: Scopus (3,320), PubMed (559), and Cochrane library (12). After the removal of duplicates, 1914 articles were screened. Out of these, 1,895 studies were excluded based on the set inclusion/exclusion criteria, and 19 were selected for qualitative analysis. Of the selected studies, 14 studies reported the use of BPs in PHPT patients. Of these, 8 studies were done with alendronate (ALN) (16–20, 23, 24, 27), and one each with etidronate (15), neridronate (14), and risedronate (28). Four studies (27–30) were excluded from this meta-analysis because of the following reasons; the types of BP were not mentioned, data were not presented in the required format, and the treatment duration was five years. Taken together, for ALN trials, 7 studies used only ALN, and one used a combination of BP and PTX for PHPT patients (22).

There were five studies in which denosumab was given to PHPT patients, of which two were excluded because data were not presented in the required format (31, 32). The remaining three studies were included in the meta-analysis (21, 25, 26). There were two studies in which the effect of BPs was compared with PTX (15, 20) and one study in which combination of BP and PTX was compared with PTX (22) in PHPT patients. These three studies were included in determining the effect of PTX on BMD and serum PTH in PHPT patients. In total, 13 studies were finally included for quantitative meta-analysis (Figure 1). A summary of all the results for various parameters is shown in Table 2.


Table 2 | The summary of pooled analysis for various parameters.



The majority of the studies used baseline control, although some of the ALN studies used placebo control. Therefore, baseline and placebo control were used separately in this meta-analysis.



3.2 Effects of anti-resorptive drugs on aBMD and biochemical parameters compared with baseline

We pooled data from the studies that used BPs or denosumab to determine the overall effect of anti-resorptive therapies on aBMD and serum parameters. Ten datasets from as many studies were available for lumbar spine aBMD before and 12 months after BP or denosumab use. The fixed effect model was used for drawing inference because there was no significant heterogeneity between the studies (I2=0.000, Q=8.880, p=0.448). Pooled analysis showed a significant increase in the mean lumbar spine aBMD after drug administration compared with baseline (SDM=0.447, 95% CI=0.230 to 0.664, p=0.0001) (Figure 2A).




Figure 2 | The effect of anti-resorptive drug administration on various parameters in PHPT patients compared with baseline; (A) lumbar spine aBMD, (B) femoral neck aBMD, (C) serum PTH, and (D) serum calcium (Ca).



Nine datasets from as many studies were available for femur neck aBMD before and 12 months after drug administration. No significant heterogeneity was observed among these studies (I2=0.000, Q=5.748, p=0.675), suggesting the use of fixed effect model. Pooled analysis showed that the mean femoral neck aBMD was significantly increased after 12 months of drug administration compared with baseline (SDM=0.270, 95% CI=0.049 to 0.491, p=0.017) (Figure 2B).

Four datasets from as many studies were available for total hip aBMD before and 12 months after BP or denosumab use. No significant heterogeneity was found among these studies (I2=0.000, Q=0.261, p=0.967), suggesting the use of fixed effect model for drawing inference. Pooled analysis showed no significant change in mean total hip aBMD after drug administration compared with baseline (SDM=0.330, 95% CI=-0.014 to 0.673, p=0.060) (Supplementary Figure 1A).

Four datasets from as many studies were available for aBMD of distal radius before and after 12 months of BP or denosumab use. No significant heterogeneity was observed among these studies (I2=0.000, Q=0.097, p=0.992), suggesting the use of fixed effect model for drawing a conclusion. There was no change in the mean distal radius aBMD after 12 months of drug use compared with baseline (SDM=0.042, 95% CI=-0.300 to 0.383, p=0.810) (Supplementary Figure 1B).

Ten datasets from as many studies were available for serum PTH levels before and 12 months after drug administration, including BP or denosumab. Significant heterogeneity was observed among these studies (I2=63.413, Q=24.599, p=0.003), which suggested using the random effects model to draw a conclusion. Pooled analysis showed a significant increase in mean PTH levels after drug administration compared with baseline (SDM=0.489, 95% CI=0.139 to 0.839, p=0.006) (Figure 2C). The funnel plot showed an asymmetric distribution of studies, suggesting the presence of publication bias (Egger’s regression intercept=3.618; p=0.018). So, we used trim and fill analysis to compute unbiased estimates and adjusted the values (SDM= 0.228, 95% CI=-0.172 to 0.628).

Eight datasets from as many studies were available for serum calcium levels before and 12 months after drug administration. The random effects model was used in the pooled analysis to draw a conclusion because significant heterogeneity was found in these studies (I2=62.736, Q=18.785, p=0.009). Pooled analysis showed a significant decrease in mean serum calcium levels after drug administration compared with baseline (SDM=-0.545, 95% CI=-0.937 to -0.154, p=0.006) (Figure 2D).

Seven datasets from as many studies were available for serum phosphate levels before and 12 months after drug use. No significant heterogeneity was observed among these studies (I2=44.617, Q=10.834, p=0.094), suggesting the use of fixed effect model for drawing inference. The pooled analysis showed that mean serum phosphate levels were significantly decreased after drug administration (SDM=-0.357, 95% CI=-0.594 to -0.120, p=0.003) (Supplementary Figure 1C).



3.3 Effects of BPs on aBMD and biochemical parameters compared with baseline

In the previous section, we found that anti-resorptive therapies improved aBMD at many sites while decreasing serum calcium level in PHPT patients. Here, we analyzed the effect of only BPs on aBMD and biochemical parameters. Three datasets from as many studies were available for total aBMD before and 12 months after BP use. Heterogeneity was not significant between these studies (I2=0.000, Q=0.506, p=0.776), suggesting the use of fixed effect model for drawing inference. There was no significant change in the mean total aBMD after BP administration compared with baseline (SDM=0.235, 95% CI=-0.141 to 0.610, p=0.221) (Supplementary Figure 2A).

Eight datasets from as many studies were available for the lumbar spine aBMD before and 12 months after BP use. No significant heterogeneity was observed between these studies (I2=0.000, Q=1.774, p=0.971), suggesting the use of fixed effect model for drawing a conclusion. The mean lumbar spine aBMD was significantly increased after BP administration compared with baseline (SDM=0.330, 95% CI=0.088 to 0.571, p=0.007) (Figure 3A). Studies were distributed asymmetrically in the funnel plot (Egger’s regression intercept= 2.018, p= 0.009), suggesting the presence of publication bias. So, we used the adjusted values according to the trim and fill method for unbiased estimates (SDM=0.240, 95% CI=0.029 to 0.451).




Figure 3 | The effect of BP administration on various parameters in PHPT patients compared with baseline; (A) lumbar spine aBMD, (B) serum PTH, (C) serum calcium (Ca), (D) serum OCN, (E) serum BALP, and (F) serum CTX-I.



Seven datasets from as many studies were available for femur neck aBMD before and 12 months after BP use. No significant heterogeneity was observed between these studies (I2=0.000, Q=0.622, p=0.996), suggesting the use of fixed effect model for data analysis. Pooled analysis indicated no significant change in mean femur neck aBMD after BP use (SDM=0.170, 95% CI=-0.079 to 0.418, p=0.181) (Supplementary Figure 2B).

Nine datasets from as many studies were available for serum PTH levels before and 12-months after BP use. Significant heterogeneity was found between these studies (I2=66.398, Q=23.808, p=0.002), suggesting that the random effects model should be used for drawing inference. Mean serum PTH levels were significantly increased after BP therapy in PHPT patients (SDM=0.546, 95% CI=0.162 to 0.930, p=0.005) (Figure 3B). The funnel plot showed an asymmetric distribution of studies (Egger’s regression intercept=3.832, p=0.016), suggesting the presence of publication bias. We used trim and fill analysis to compute unbiased estimates and adjusted the values (SDM= 0.250, 95% CI= -0.181 to 0.681).

Seven datasets from as many studies were available for serum calcium levels before and 12-months after BP use. The random effects model was used for drawing conclusion because significant heterogeneity was observed in these studies (I2=66.203, Q=17.753, p=0.007). Pooled analysis showed that the mean serum calcium level was significantly decreased after BP administration compared with baseline (SDM=-0.608, 95% CI=-1.048 to -0.169, p=0.007) (Figure 3C).

Five datasets from as many studies were available for serum phosphate levels before and 12-months after BP use. Significant heterogeneity was found in these studies (I2=61.148, Q=10.296, p=0.036), resulting in the use of the random effects model for data analysis. The pooled analysis showed no significant change in serum phosphate levels after BP administration (SDM=-0.478, 95% CI=-0.969 to -0.012, p=0.056) (Supplementary Figure 2C).

Four datasets from as many studies were available for serum OCN levels before and 12 months after BP use. I2 values showed that heterogeneity was significant in these studies (I2=72.645, Q=10.967, p=0.012), which suggested that the random effects model should be used for drawing a conclusion. Pooled analysis showed that the mean serum OCN levels were significantly decreased after BP use (SDM= -1.097, 95% CI=-1.774 to -0.420, p=0.001) (Figure 3D).

Four datasets from as many studies were available for serum BALP levels before and 12 months after BP use. There was significant heterogeneity between the studies (I2=75.751, Q=12.372, p=0.006), suggesting the use of random effects model for drawing inference. The mean serum BALP level was significantly reduced after BP administration compared with baseline (SDM=-1.339, 95% CI= -2.035 to -0.643, p=0.0001) (Figure 3E).

Three datasets from as many studies were available for serum CTX-1 before and 6 months after BP use. Significant heterogeneity was observed in these studies (I2=93.547, Q=30.992, p=0.000), suggesting the use of random effects model for data analysis. The mean serum CTX-1 level was significantly decreased after BP administration compared with baseline (SDM=-1.417, 95% CI=-2.741 to -0.092, p=0.036) (Figure 3F).



3.4 Effects of ALN on aBMD and biochemical parameters


3.4.1 Comparison with the baseline values

In the previous section, we found that BP administration significantly improved aBMD, and decreased serum calcium as well as BTMs. Here, we analyzed the effect of ALN on PHPT patients because a sufficient number of studies was available to perform a meta-analysis.

Seven datasets from as many studies were available for lumbar spine aBMD before and 12 months after ALN use. The heterogeneity between these studies was not significant (I2=0.000, Q=1.701, p=0.945), suggesting the use of the fixed effect model for drawing inferences. Pooled analysis showed a significant increase in the mean lumbar spine aBMD after ALN administration compared with baseline (SDM=0.321, 95% CI=0.071 to 0.571, p=0.012) (Figure 4A). The funnel plot showed an asymmetric distribution of studies (Egger’s regression intercept=2.455, p=0.009), suggesting the presence of publication bias. Unbiased estimates were used from the trim and fill method, and the values were adjusted (SDM= 0.199, 95% CI=-0.011 to 0.408).




Figure 4 | The effect of ALN administration in PHPT patients compared with baseline; (A) lumbar spine aBMD, (B) serum PTH, (C) serum calcium (Ca), (D) serum OCN, and (E) serum BALP.



Seven datasets from as many studies were available for femoral neck aBMD before and 12 months after ALN use. I2 value showed no significant heterogeneity between these studies (I2=0.000, Q=0.622, p=0.996), suggesting the use of the fixed effect model for drawing conclusions. Pooled analysis showed that there was no significant change in the mean femoral neck aBMD after ALN administration (SDM=0.170, 95% CI=-0.079 to 0.418, p=0.181) (Supplementary Figure 3A).

Three datasets from as many studies were available for the distal radius aBMD before and 12 months after ALN administration. There was no significant heterogeneity between the studies (I2=0.000, Q=0.048, p=0.976), suggesting the use of the fixed effect model for data analysis. Pooled analysis showed no significant change in distal radius aBMD after ALN use in PHPT patients (SDM=0.020, 95% CI=-0.372 to 0.412, p=0.921) (Supplementary Figure 3B).

Seven datasets from as many studies were available for serum PTH before and 12 months after ALN administration. Since the heterogeneity between these studies was not significant (I2=0.000, Q=5.620, p=0.467), we used the fixed effect model for drawing inference. Pooled analysis showed a significant increase in serum PTH after ALN use (SDM=0.416, 95% CI=0.164 to 0.668, p=0.001) (Figure 4B).

Five datasets from as many studies were available for serum calcium before and 12 months after ALN use. There was significant heterogeneity between these studies (I2=71.833, Q=14.201, p=0.007), suggesting the use of the random effects model for drawing a conclusion. Pooled analysis showed a significant decrease in serum calcium after ALN use (SDM=-0.632, 95% CI=-1.261 to -0.004, p=0.049) (Figure 4C).

Four datasets from as many studies were available for serum phosphate before and 12 months after ALN use. Significant heterogeneity was found between these studies (I2=69.175, Q= 9.732, p=0.021), which suggested the use of the random effects model. Pooled analysis showed no significant change in serum phosphate after ALN use (SDM=-0.567, 95% CI=-1.283 to 0.150, p=0.121) (Supplementary Figure 3C).

Four datasets from as many studies were available for serum OCN before and 12 months after ALN use. Significant heterogeneity was found between these studies (I2=72.645, Q=10.967, p=0.012), suggesting the use of the random effects model for drawing a conclusion. Pooled analysis showed a significant decrease in serum OCN after ALN use (SDM=-1.097, 95% CI=-1.774 to -0.420, p=0.001) (Figure 4D).

Three datasets from as many studies were available for serum BALP before and 12 months after ALN use. The heterogeneity between these studies was not significant (I2=16.475, Q=2.394, p=0.302), suggesting the use of the fixed effect model for drawing inference. Pooled analysis showed a significant decrease in serum BALP after ALN use (SDM=-1.617, 95% CI=-2.086 to -1.149, p= 0.0001) (Figure 4E).



3.4.2 Comparison with the placebo control

Five datasets from as many studies were available for lumbar spine aBMD in PHPT patients treated with ALN for 12 months and compared with placebo control. No significant heterogeneity was found among these studies (I2=0.000, Q=1.892, p=0.756), suggesting that the fixed effect model should be used for data analysis. The pooled analysis showed that the mean lumbar spine aBMD in the ALN group was significantly increased compared with the placebo group (SDM=0.350, 95% CI=0.041 to 0.659, p=0.027) (Figure 5A).




Figure 5 | The effect of ALN administration on different parameters in PHPT patients compared with the placebo group; (A) lumbar spine aBMD, (B) serum PTH, (C) serum calcium (Ca), and (D) serum BALP.



Five datasets from as many studies were available for femoral neck aBMD in the ALN and placebo groups. No significant heterogeneity was observed among these studies (I2=0.000, Q=2.538, p=0.638), suggesting the use of the fixed effect model for drawing inference. The mean femoral neck aBMD was not significantly different in the ALN and placebo group (SDM=0.250, 95% CI=-0.058 to 0.558, p=0.111) (Supplementary Figure 4A).

Six datasets from as many studies were analyzed for serum PTH in the ALN and placebo groups. Significant heterogeneity was found in these studies (I2=56.799, Q=11.574, p=0.041), which suggested the use of the random effects model for drawing conclusions. The pooled analysis shows that PTH was significantly higher in the ALN group compared with placebo (SDM=0.602, 95% CI=0.145 to 1.059, p=0.010) (Figure 5B).

Five datasets from as many studies were available for serum calcium in the ALN and placebo group. I2 values showed significant heterogeneity (I2=87.843, Q=32.902, p=0.000), suggesting the use of the random effects model. The mean serum calcium was not different in the ALN and placebo groups (SDM=-0.381, 95% CI= -1.345 to 0.583, p=0.439) (Figure 5C).

Four datasets from as many studies were available for serum phosphate in both groups. Since no significant heterogeneity was found among these studies (I2=75.474, Q=12.232, p=0.007), we applied the random effects model to draw the inference. No significant change was found between the ALN and placebo groups (SDM=-0.369, 95% CI=-1.156 to 0.418, p=0.358) (Supplementary Figure 4B).

Three datasets from as many studies were available for serum BALP in the ALN and placebo groups. Significant heterogeneity was observed among these studies (I2=93.550, Q=31.008, p=0.000), so the random effects model was used for drawing conclusions. The mean BALP was significantly decreased in the ALN group compared with the placebo (SDM=-3.422, 95% CI=-5.844 to -1.000, p=0.006) (Figure 5D).

Three datasets from as many studies were available for serum OCN. Significant heterogeneity was found in these studies (I2=94.320, Q=35.212, p=0.000), suggesting the use of the random effects model for inference. The mean serum OCN was not significantly different in the ALN and placebo groups (SDM=-1.947, 95% CI=-4.064 to 0.170, p=0.072) (Supplementary Figure 4C).




3.5 Effect of denosumab on aBMD compared with baseline

Three datasets from as many studies were available for lumbar spine aBMD before and 6- or 12 months after denosumab use. The fixed effect model was used for drawing inference because no significant heterogeneity was observed between these studies (I2=43.283, Q=3.526, p=0.172). Pooled analysis showed that the mean lumbar spine aBMD significantly increased after denosumab administration compared with the baseline (SDM=0.828, 95% CI=0.378 to 1.278, p=0.0001) (Figure 6A).




Figure 6 | The effect of denosumab use in PHPT patients compared with baseline; (A) lumbar spine aBMD, (B) femur neck aBMD; and PTX on (C) lumbar spine aBMD, and (D) PTH in PHPT patients.



Three datasets from as many studies were available for femur neck aBMD before and 6- or 12 months after denosumab use. No significant heterogeneity was observed between these studies (I2=24.937, Q=2.664, p=0.264), suggesting the use of the fixed effect model for drawing a conclusion. Pooled analysis showed that the mean femoral neck aBMD significantly increased after denosumab administration compared with the baseline (SDM=0.575, 95% CI=0.135 to 1.015, p=0.010) (Figure 6B).

Only one study (31) had denosumab data for 24 months, and it was not in the required format, thus resulting in its exclusion. We could not analyze the biochemical parameters due to the limitation in data availability.



3.6 Effect of PTX on aBMD and serum PTH levels compared with baseline

In this meta-analysis, we focused on the effect of BPs and denosumab but not PTX in PHPT patients. We included only those studies where the data associated with PTX was provided as additional information for the selected studies.

Three datasets from as many studies were available for lumbar spine aBMD before and 12 months after PTX. There was no significant heterogeneity between these studies (I2=56.045, Q=4.550, p=0.103), suggesting the use of the fixed effect model for data analysis. In a pooled analysis, the mean lumbar spine aBMD significantly increased after PTX compared with baseline (SDM=0.662, 95% CI=0.319 to1.005, p=0.0001) (Figure 6C).

Three datasets from as many studies were available for serum PTH after 12 months of PTX. Significant heterogeneity was observed between these studies (I2=92.880, Q=28.090, p=0.0001), suggesting the use of the random effects model for drawing inference. In the pooled analysis, the mean serum PTH significantly decreased after PTX compared with baseline (SDM=-2.723, 95% CI=-4.466 to -0.980, p=0.002) (Figure 6D).



3.7 Effect of 24 months of ALN use on aBMD, PTH, and calcium compared with baseline

The majority of the data was available for 12 months, and 24 months of ALN administration from 3 studies. Three datasets from as many studies were available for lumbar aBMD before and 24 months after ALN use. The heterogeneity was not significant between these studies (I2=2.766, Q=2.057, p=0.358), suggesting the use of the fixed effect model for drawing a conclusion. Pooled analysis showed a significant increase in mean lumbar spine aBMD after ALN use (SDM=0.724, 95% CI=0.295 to 1.153, p=0.001) (Figure 7A).




Figure 7 | The effect of 24 months ALN administration on various parameters in PHPT patients compared with baseline; (A) lumbar spine aBMD, (B) femur neck aBMD, (C) serum PTH, and (D) serum calcium (Ca).



Three datasets from as many studies were available for femoral neck aBMD before and 24 months after ALN use. The heterogeneity in these studies was not significant (I2=0.000, Q=0.164, p=0.922), suggesting the use of the fixed effect model for data analysis. Pooled analysis showed no significant change in the mean femoral neck aBMD after ALN administration (SDM=0.274, 95% CI=-0.141 to 0.690, p=0.195) (Figure 7B).

Three datasets from as many studies were available for serum PTH before and 24 months after ALN use. The heterogeneity among these studies was significant (I2=67.163, Q=6.091, p=0.048), suggesting the use of the random effects model for drawing inference. Pooled analysis showed that the mean PTH was not significantly changed after ALN administration (SDM=0.213, 95% CI=-0.551 to 0.977, p=0.585) (Figure 7C). Of the three studies, one (18) was sensitive; however, meta-analysis excluding this could not be performed due to the paucity of the number of studies.

Three datasets from as many studies were available for serum calcium before and 24-months after ALN use. The heterogeneity was significant between these studies (I2=90.505, Q=21.064, p=0.0001), suggesting the use of the random effects model for drawing conclusion. Pooled analysis showed a significant decrease in serum calcium after ALN administration (SDM=-0.245, 95% CI=-1.728 to 1.237, p=0.746) (Figure 7D).



3.8 Publication bias

The majority of the parameters were unaffected by publication bias. The unbiased estimates based on the trim and fill procedure have been mentioned where they have been observed.



3.9 Sensitivity analysis

The sensitivity analysis was performed with the exclusion of one study at a time. No study was found to be sensitive.




4 Discussion

A recent paper performed meta-analyses of all available medical and surgical modalities for PHPT in comparison to placebo control and excluded non-RCT studies where endpoint effects were compared with baseline (33). The parameters included in the meta-analysis were BMD, PTH, and calcium, although for BMD, only a single dataset was used for performing the meta-analysis. Our study examined whether anti-resorptive medicines may improve BMD in PHPT patients, and we focused on BPs and denosumab because there were sufficient studies on these medications to do meta-analysis. The parameters included in our study were BMD, calcium, phosphate, PTH, and BTMs. We included studies having placebo control as well as comparison between endpoints and baseline, i.e., both RCT and non-RCT. This way, we could most comprehensively capture the effects of anti-resorptives on bone and mineral homeostasis in order to determine their efficacy in protecting those PHPT patients from osteoporotic fractures who are ineligible for surgery.

We found aBMD gains in nine and three studies with BPs (7 ALN, 1 etidronate, 1 neridronate) and denosumab for 12 months, respectively; three with ALN and one with denosumab for 24 months, respectively. In the pooled analysis, BPs and denosumab use in PHPT patients for 12 months increased aBMD in the lumbar spine and femoral neck while decreasing serum calcium and phosphate. When the effects of only BPs were considered at this treatment duration, significant increases in lumbar spine aBMD, decreases in BTMs (OCN, BALP, and CTX-I), and decreases in serum calcium were observed. Of the BPs, sufficient studies were available only with ALN to conduct a meta-analysis, which revealed that ALN increased aBMD at the lumbar spine at 12- and 24 months but it did not affect aBMD at the femoral neck or the distal radius. ALN also lowered serum calcium while increasing serum PTH, but PTX normalized the hormone after 12 months. Serum PTH increased significantly after 12 months but returned to baseline 24 months after ALN use. Serum calcium levels dropped significantly after 12 months and returned to baseline after 24 months of ALN therapy. Regarding the skeletal effect, denosumab was superior to ALN and PTX as it increased aBMD at the lumbar spine as well as at the femoral neck.

PTX is the standard of care for symptomatic PHPT as well as in selected patients of asymptomatic PHPT. However, PTX can result in uncontrolled bone mineralization and hypocalcemia, a condition known as “hungry bone syndrome (HBS)” (34). A significant number of PHPT patients are unable to undergo PTX (asymptomatic, personal wish, severe comorbidities, and advanced age) (35). Mitigating hypercalcemia and its consequences, including improving BMD and reducing fracture risk, are priorities in managing such cases. Medical management for PHPT is not new. Anti-resorptives have been used to prevent bone loss, reduce the risk of fracture, and correct hypercalcemia although often temporarily. Cinacalcet has been used to decrease PTH secretion and hypercalcemia. Mithramycin has been historically used to normalize calcium (36). The main purpose of anti-resorptive therapy is to provide functional remission, i.e., normalizing calcium and preventing BMD loss.

Our meta-analysis findings support the long-term use of ALN and denosumab in providing skeletal protection in PHPT patients who are ineligible for surgery or in cases of surgery delay. ALN raised aBMD at the lumbar spine as compared to placebo (Figure 5A), while denosumab increased both aBMD at the lumbar spine and femoral neck when compared with baseline (Figures 6A, B). The effect on aBMD was accompanied by a reduction in BTM parameters, including serum calcium, OCN, BALP, and CTX-I. ALN had similar effects on BMD improvement and BTM reduction in men and women with PHPT (27). ALN at 12 months decreased serum calcium; however, the effect disappeared at 24 months. The effect of ALN in lowering serum calcium is inconsistent due to study heterogeneity and insufficient number of studies that spanned for 24 months. There was no effect on serum phosphate with ALN use. Only two denosumab studies measured serum calcium; in one, a decline in serum calcium was observed during the first month, after which it returned to baseline levels and continued until 50 weeks (21); and in the second, a decrease in serum calcium was observed in the first two weeks but then returned to the baseline levels and continued throughout the study (6 months) (26). PHPT is characterized by cortical bone loss with relative preservation of trabecular bone. In our meta-analysis, we observed that the increase in aBMD was greater at the trabecular site of the lumbar spine than the cortical site of the femur neck with both ALN and denosumab. From these results, it appears that the use of anti-resorptives in PHPT may have an impact similar to postmenopausal osteoporosis in terms of slowing bone remodeling but may fall short of significant reductions in the modeling (at the cortical bone) and continuous BMU activation at the endosteal surface as a consequence of increased PTH levels.

BMD is an important predictor of fracture risk, but fracture data is essential to determine the treatment efficacy in osteoporosis. We found that only two studies addressed fractures, and both observed no significant effect of BPs on the rate of fragility fracture (30) and fracture risk (29) in PHPT patients. Given insufficient data, we could not perform a meta-analysis of the effect of BPs in modifying the risk of fracture and hence propose future studies to acquire fracture data.

Strong suppression of bone resorption by anti-resorptive therapy in PHPT could lead to the exacerbation of hyperparathyroidism. By a pooled analysis, we observed there was an increase in serum PTH following 12 months of ALN use. In the case of denosumab, one study reported a moderate yet significant rise in PTH after 12 months (25); while in another study conducted for 50 weeks, a rapid increase in PTH level over the baseline was quickly followed by its return to the baseline level till the end of the study (21). Unlike ALN, pooled analysis of the effect of denosumab on PTH levels after 12 months could not be done due to the paucity of data. Only one study examined the short-term effect of denosumab (3 and 6 months) on PTH levels in PHPT patients and found that the drug had no effect (26). Future studies are required to assess the effect of denosumab on PTH levels in PHPT patients. These studies are essential for assessing the safety of long term denosumab in PHPT as elevation of PTH has been reported to be associated with adverse effects, including hypertension, left ventricular hypertrophy, heart failure, and renal insufficiency (37).

Furthermore, the production of fibroblast growth factor 23 (FGF23) is increased by PTH, and the former is an independent marker for left ventricular function (38). Thus, further elevation of serum PTH using BPs in PHPT could heighten cardiovascular risk. Future studies should measure FGF23 levels and monitor for any cardiovascular event in PHPT patients treated with anti-resorptive drugs.

Theoretically, a calcimimetic drug that inhibits both PTH and FGF23 can be combined with anti-resorptives for greater efficacy and preventing cardiovascular morbidity. A clinical trial has considered this combination and found that cinacalcet improved the biochemical abnormalities and alendronate increased BMD at 24-months follow-up (35). However, more such studies are required to determine the efficacy and safety of these combinations through a meta-analysis.

The strengths of this meta-analysis are that a comparison of drug effects has been made with both placebo and baseline, and drug effects at the site-specific BMD and BTMs have been compared with PTX. The limitations include the inclusion of both RCT and non-RCT studies and the lack of fracture data due to insufficient data availability. Head-to-head comparison between anti-resorptive and PTX therapy is not possible because of the paucity of the studies.



5 Conclusion

Anti-resorptive therapies, including ALN and denosumab, increase aBMD, decrease serum calcium, and inhibit BTMs in PHPT patients. Alendronate significantly increases PTH levels in PHPT patients compared with both baseline and placebo without affecting normal mineral levels. Future studies should measure FGF23 and monitor cardiovascular events in PHPT patients receiving anti-resorptive drugs. A combination of calcimimetic and anti-resorptive drugs could provide an improved clinical profile over monotherapy to treat aberrant bone and mineral homeostasis in PHPT patients.
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Background

Tobacco exposure is considered to be a risk factor for reduced bone mineral density (BMD), which may result in osteopenia. Cotinine, a metabolite of nicotine, is commonly utilized as a marker of tobacco exposure. Nevertheless, there are limited clinical data on the associations between osteoporosis (OP) or osteopenia and smoking status or serum cotinine level.



Methods

We thoroughly examined the NHANES cross-sectional data from 2005 to 2010, 2013 to 2014, and 2017 to 2018. Multivariate logistic regression models were applied to assess the associations among smoking status and serum cotinine levels as well as OP and osteopenia. The relationships between serum cotinine level and OP and osteopenia were also assessed using the restricted cubic spline (RCS) method.



Results

A total of 10,564 participants were included in this cross-sectional study. The mean age of the study population was 64.85 ± 9.54 years, and the patients were predominantly male (51.9%). We found that the relationships between higher serum cotinine levels (≥3 ng/ml) and the prevalence of osteoporosis (Model 1: OR=2.27 [1.91-2.69]; Model 2: OR=2.03 [1.70-2.43]; Model 3: OR=2.04 [1.70-2.45]; all p for trend <0.001) remained significant after adjustment for covariates by applying the lowest serum cotinine levels (<0.05 ng/ml) as the reference. Similar results were observed for current smokers, who were more likely to develop OP compared with nonsmokers (Model 1: OR=2.30 [1.90-2.79]; Model 2: OR=2.16 [1.77-2.64]; Model 3: OR=2.16 [1.77-2.65]). Moreover, higher serum cotinine levels were found to be strongly and positively correlated with the prevalence of osteopenia (OR=1.60 [1.42-1.80]). A similar relationship was observed between current smokers and the prevalence of osteopenia compared with nonsmokers (OR=1.70 [1.49-1.94]). RCS regression also showed that serum cotinine levels were nonlinearly and positively correlated with OP and osteopenia, with inflection points of 5.82 ng/ml and 3.26 ng/ml, respectively.



Conclusion

This study showed that being a smoker was associated with the prevalence of OP or osteopenia compared with being a nonsmoker and that there was a strong nonlinear positive dose−response relationship between serum cotinine levels and OP and osteopenia.





Keywords: nonlinear associations, osteoporosis, osteopenia, serum cotinine, smoking, NHANES



Introduction

Osteoporosis (OP) is a systemic bone disorder characterized by low bone mineral density (BMD) and skeletal fragility, which increases the risk of fracture (1–3). It is the most widespread metabolic bone disease worldwide and a crucial source of morbidity and mortality (4, 5).

Studies have shown that subjects who are actively and passively exposed to tobacco are at an elevated risk for multiple health conditions, including osteopenia and an increased risk of osteoporotic fractures (6–8). Cigarette smoke contains a multitude of toxic and harmful substances, such as nicotine, heavy metals (arsenic, cadmium and lead), and tar, which may alter the skeletal system and reduce bone density (9–12). Cotinine, a significant proximal metabolite of nicotine, is regarded as a trustworthy and sensitive indicator of tobacco smoke exposure within the past 72-hours. As a result, cotinine is currently recognized as a distinctive chemical reflecting an individual’s degree of tobacco smoke exposure (13–15). According to a new study, exposure to cigarette smoke induces oxidative stress by increasing superoxide radicals and decreasing intracellular glutathione in MSCs, which adversely affects osteogenic differentiation (16). Cessation of smoking led to increases in serum levels of osteocalcin and uncarboxylated osteocalcin and BMD in humans (17).

However, clinical data on the associations between tobacco smoke exposure and the prevalence of OP or osteopenia are scarce. The goal of this study was to demonstrate an association between serum cotinine levels and self-reported smoking status with the prevalence of OP and osteopenia in a large national sample using NHANES data from 2005 to 2010, 2013 to 2014, and 2017 to 2018. Our findings provide epidemiological evidence to further investigate the associations of tobacco smoke exposure with OP and osteopenia.



Methods


Study population and design

The NHANES is a study project that aims to assess the health and nutritional status of American adults and children (18). There are demographic, socioeconomic, nutritional, and health-related questions in the NHANES interviews. The National Center for Health Statistics (NCHS) Research Ethics Review Board approved the NHANES research protocols, and all participants provided written informed consent.

We looked at NHANES descriptive data from 2005–2010, 2013–2014, and 2017–2018. Participants aged ≥50 years were enrolled, and those with missing serum cotinine and bone mineral density (BMD) data were excluded.



Assessment of tobacco exposure

During the household interview, adults aged 20 and up self-reported their smoking status. Participants who claimed to have smoked fewer than 100 cigarettes in their lives were labeled ‘never smokers’. Former smokers were individuals who had smoked more than 100 cigarettes in their lives but had quit, while current smokers were those who were currently smoking.

Cotinine is a primary nicotine metabolite used as a marker of active smoking and as an indicator of exposure to secondhand smoke (19). Serum cotinine was determined by isotope dilution-high-performance liquid chromatography/atmospheric pressure chemical ionization tandem mass spectrometry (20). As in previous investigations (21), those below the lower detection limit were considered unexposed. We generated cotinine categories representing smoking exposure and utilized the newly recommended cut-off point of 3 ng/ml by Benowitz et al. (22) to separate smokers from nonsmokers. Cotinine levels were ranked as follows: cotinine <0.05 ng/ml, cotinine 0.05–2.99 ng/ml, and cotinine ≥3 ng/ml.



BMD measurements and definition of osteopenia and osteoporosis

BMD (measured in grams/cm2) was evaluated using a dual X-ray absorptiometry technique (QDR 4500A fan-beam densitometers [Hologic Inc]) while the participants visited mobile examination centers. The left hip (or right hip, in case of left hip replacement or metal object injection) was routinely scanned to report total BMD of the femur, femoral neck, and trochanter. The exclusion criteria for assessing participants’ dual X-ray absorptiometry followed those of the NHANES recommendations.

The WHO criteria for osteopenia and osteoporosis (23) identify low bone mineral density for male and female individuals aged 50 years and older. This method uses the BMD data from young male and female individuals as threshold values. Male and female individuals aged between 20 and 29 years were selected as the reference group in the current study since prospective data demonstrated femur bone loss in female participants in their thirties (24). Osteopenia was defined as a BMD value that was between 1 and 2.5 standard deviations (SDs) below the mean of male and female participants aged between 20 and 29 years; osteoporosis was defined as a BMD value of more than 2.5 SD below the young reference mean. Both of these conditions were considered to have low bone density. This criteria has been applied to each region of interest.



Covariates

In the NHANES, data were collected using a standard participant questionnaire administered throughout a household interview, along with a medical assessment for each participant. The covariates considered in this study included age, sex, race, education level, poverty, drinking status, physical activity, energy intake level, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), serum calcium, history of prednisone or cortisone, self-reported diabetes, self-reported hypertension, self-reported cardiovascular disease (CVD), and self-reported cancer. Poverty was assessed using the poverty income ratio (PIR) and was defined as a PIR of 1 for a particular family. For drinking status, participants were categorized as being nondrinkers, low-to-moderate drinkers (<2 drinks/day in men and <1 drink/day in women), or heavy drinkers (≥2 drinks/day in men and ≥1 drink/day in women). The intake of energy was calculated by averaging the two values for the two 24-hour recall interviews. In line with their physical activity levels, the participants were classified as active, insufficiently active, and inactive (25). Descriptions of each variable are presented in https://www.cdc.gov/Nchs/Nhanes/continuousnhanes/.



Statistical analysis

Continuous variables were reported as the means (standard deviations) or medians (interquartile ranges) and compared by adopting Student’s t test (normal distribution) or the Mann−Whitney U test (nonnormal distribution). By adopting the chi-square test, categorical variables were represented as absolute values (percentages) and compared. As continuous variables, cotinine levels were log2-transformed to achieve a normal distribution. The “mice” package utilized the random forest algorithm for multiple interpolation of the missing data. All statistical analyses were conducted by utilizing R Statistical Software, version 4.2.0, and results with p values < 0.05 (two-sided) were considered statistically significant.

The connections between tobacco exposure and the prevalence of osteoporosis as well as osteopenia were investigated by adopting three consecutive multivariate logistic regression models. Model 1 was adjusted for age (continuous), sex (male or female), and race/ethnicity (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, or other race). Model 2 was adjusted for Model 1 by adding education level (below high school, high school, or above high school), drinking status (nondrinker, low-to-moderate drinker, or heavy drinker), family income-poverty ratio (<1.0, or ≥1.0), physical activity (inactive, insufficiently active, active), and total energy intake (log2-transformed). Model 3 was based on Model 2 and included additional adjustments for TC (continuous), HDL-C (continuous), serum calcium (continuous), history of prednisone or cortisone (yes or no), self-reported hypertension (yes or no), self-reported diabetes (yes or no), self-reported cardiovascular disease (yes or no), and self-reported cancer (yes or no). Furthermore, restricted cubic spline (RCS) with three knots (10th, 50th, and 90th percentiles) was adopted to study dose−response associations. Nonlinearity was examined by analysis of variance (ANOVA). By adopting segmented regression, the threshold inflection of linearity was computed to fit the piecewise-linear relationship between tobacco exposure and the prevalence of osteoporosis and osteopenia.




Results


Characteristics of the study participants

A total of 50463 participants from NHANES 2005–2010, 2013–2014 and 2017–2018 were included. Of these, those aged < 50 (n=36297) and those with missing data on serum cotinine (n=1309) and BMD (n=2293) were excluded. In total, 10564 eligible participants were enrolled (Figure 1). Table S1 presents the baseline characteristics of participants according to NHANES 2005-2010, 2013-2014, and 2017-2018.




Figure 1 | The flow chart of selection of included studies.



In this study, the thresholds for osteoporosis in men were 0.73 gm/cm2 or less for the total femur, 0.61 gm/cm2 or less for the femoral neck, 0.50 gm/cm2 or less for the trochanter, and 0.86 gm/cm2 or less for the intertrochanter; among female smokers, the thresholds were 0.65 gm/cm2 or less for the total femur, 0.56 gm/cm2 or less for the femoral neck, 0.44 gm/cm2 or less for the trochanter, and 0.77 gm/cm2 or less for the intertrochanter. The cutoff values for osteopenia in men were 0.73 to 0.94 gm/cm2, 0.61 to 0.83 gm/cm2, 0.50 to 0.69 gm/cm2 and 0.86 to 1.11 gm/cm2 for the total femur, femoral neck, femoral rotor and intertrochanter, respectively; for women, they were 0.65 to 0.84 gm/cm2, 0.56 to 0.76 gm/cm2, 0.44 to 0.61 gm/cm2 and 0.77 to 0.99 gm/cm2 for the total femur, femoral neck, femoral rotor and intertrochanter, respectively (Table 1). Moreover, the overall mean age of the reference group (men or women aged 20 to 29 years) was 24.45 ± 2.91 years (Table S2). A total of 797 (36.0%) participants had cotinine levels ≥3 ng/ml, and 663 (30.0%) participants in the reference group were current smokers. The proportion of cotinine levels was significantly higher in men than in women.


Table 1 | Mean femoral bone mineral density (BMD) of 20–29-year-old men and women in NHANES 2005–2010, 2013–2014, and 2017–2018.



The characteristics of the enrolled individuals are presented in Table 2. The mean age of the study population was 64.85 ± 9.54 years, and the patients were predominantly male (51.9%). By applying cotinine levels, 2228 (21.1%) participants had cotinine levels ≥3 ng/ml, 2179 (20.6%) participants had cotinine levels between 0.05 and 2.99 ng/ml, and 6157 (58.3%) participants had cotinine levels <0.05 ng/ml. The self-reported smoking status revealed that there were 1747 (16.5%) current smokers, 3612 (34.2%) former smokers, and 5205 (49.3%) nonsmokers among the participants. Participants with cotinine level ≥3 ng/ml and self-reported smokers were more likely to be younger, male, and non-Hispanic Black, to have lower education, to have poverty, to be a drinker, to have a low level of physical activity, to have a history of prednisone or cortisone use, and to have more comorbidity than those with a cotinine level <0.05 ng/ml and those who were self-reported nonsmokers.


Table 2 | Baseline characteristics of participants in NHANES 2005–2010, 2013–2014, and 2017–2018.





Associations between serum cotinine levels and smoking status with the prevalence of osteoporosis

Table 3 displays the associations between serum cotinine levels and the prevalence of osteoporosis in both continuous and categorical analyses. Regardless of adjustment for covariates, the continuous analysis revealed that log2-transformed cotinine levels showed a noticeable positive association with the prevalence of osteoporosis. The categorical analysis indicated that the association between higher serum cotinine levels (≥3 ng/ml) and the prevalence of osteoporosis (Model 1: OR=2.27 [1.91-2.69]; Model 2: OR=2.03 [1.70-2.43]; Model 3: OR=2.04 [1.70-2.45]; all p for trend <0.001) remained significant after adjustment for covariates using the lowest serum cotinine levels (<0.05 ng/ml) as a reference. Similar results were observed in that current smokers were highly associated with the prevalence of osteoporosis compared with nonsmokers (Model 1: OR=2.30 [1.90-2.79]; Model 2: OR=2.16 [1.77-2.64]; Model 3: OR=2.16 [1.77-2.65]; all p for trend <0.001).


Table 3 | Association of smoking status, serum cotinine level and the prevalence of osteoporosis.





Associations between serum cotinine levels and smoking status with the prevalence of osteopenia

Further examination of the associations between serum cotinine levels, smoking status, and the prevalence of osteopenia is presented in Table 4. As illustrated by the continuous analysis, after adjustment for covariates, there was a markedly positive relationship between log2-transformed serum cotinine levels and the prevalence of osteopenia. In Model 3, the categorical analysis revealed that the multivariate odds ratios (95% confidence intervals [CI]) for osteopenia increased monotonically to 0.95 (0.85-1.06) and 1.60 (1.42-1.80) (p for trend < 0.001) with higher serum cotinine levels (≥3 ng/ml). Similar relationships were observed between current smokers and the prevalence of osteopenia compared with nonsmokers (OR=1.70 [1.49-1.94]; p for trend < 0.001).


Table 4 | Association of smoking status, serum cotinine level and the prevalence of osteopenia.





Nonlinear associations between serum cotinine levels and the prevalence of osteoporosis and osteopenia

RCS regression with multivariable-adjusted associations was adopted to demonstrate dose−response associations between log2-transformed serum cotinine levels and the prevalence of osteoporosis as well as osteopenia (Figure 2). Serum cotinine levels were nonlinearly and positively correlated with the prevalence of osteoporosis (p for nonlinearity = 0.001) and osteopenia (p for nonlinearity < 0.001), with inflection points of 5.82 ng/ml and 3.26 ng/ml, respectively.




Figure 2 | Associations between log2-transformed serum cotinine levels and the prevalence of osteoporosis (A) as well as osteopenia (B).






Discussion

As shown by our findings, both serum cotinine levels and self-reported smoking status have an impact on OP and osteopenia. This relationship remained constant even after the addition of other factors (education level, drinking status, poverty status, physical activity status, total energy intake, total cholesterol level, high-density lipoprotein cholesterol level, serum calcium level, history of prednisone or cortisone use, and diagnoses of hypertension, diabetes, and cardiovascular disease, and cancer). Our dose−response analysis also showed nonlinear and positive associations between serum cotinine and the prevalence of OP as well as osteopenia.

A 2011-2018 NHANES cross-sectional study showed that elevated serum cotinine levels were associated with reduced lumbar BMD in 7905 participants aged 30 years and over, particularly in women (26). This study demonstrated that reducing cigarette exposure and maintaining serum cotinine at lower levels may be beneficial for bone health in adults. However, the study failed to calculate the specific breakpoints of the curve. Second, other confounding factors were not considered, so there is a possibility of bias. Finally, the sample size included was insufficient. Therefore, we further analyzed the NHANES cross-sectional study from 2005-2018, 10,564 participants aged ≥50 years, to assess not only the association between serum cotinine levels with OP and osteopenia, but also the association between smoking status with OP and osteopenia. In addition, we considered the effect of other confounders on the study results, such as (drinking status, poverty status, total energy intake, total cholesterol level, high-density lipoprotein cholesterol level, history of prednisone or cortisone use, and diagnoses of hypertension, diabetes, and cardiovascular disease, and cancer), reducing the possibility of biased results. In last, we analyzed the relationship between serum cotinine levels and OP and osteopenia, which were nonlinearly and positively correlated, with inflection points of 5.82 ng/ml and 3.26 ng/ml, respectively. This provides a preliminary basis for the study of OP or osteopenia and the mechanism of action of serum cotinine.

We found that associations between smoking and OP and osteopenia were consistent with other cross-sectional studies (27–29). For example, the results of a Swedish study investigating the association between smoking status and skeletal parameters (area BMD, volume BMD, etc.) in 1068 young (mean age 18.9 years) men showed that smokers had lower whole-body (-2.1%), lumbar spine (-4.3%), femoral neck (- 5.3%) and femoral rotor (-6.6%) BMD, but there was no difference in the distribution of volumetric BMD between smokers and nonsmokers (27). In addition, an Icelandic quantitative computed tomography scan of the hip including 2673 older adults (55.9% female) aged 66 to 92 years at baseline demonstrated that the volumetric BMD of cortical bone in the hip was lower in current smokers than in those who were never smokers and that the volumetric BMD of whole hip, volumetric BMD of trabecular bone, and volumetric BMD of cortical bone were lower in current smokers than in nonsmokers. The lower proportions of total volumetric BMD, trabecular bone volumetric BMD, and cortical bone volumetric BMD among current smokers suggest that smoking may accelerate aging-induced osteopenia (28). As reported by relevant studies, male smokers had lower trabecular bone mineral density (-26.6 to -30.3%), and lower trabecular bone scores (-13.5 to -15.3%) in the radius and tibia than current quitters or those who were never smokers. There were fewer trabeculae, thinner areas, and larger intertrabecular spaces, but there was no significant variability in cortical bone parameters. Among female smokers, radial cortical porosity was twice as large in smokers as in nonsmokers, and tibial cortical porosity was 50% larger in smokers than in nonsmokers, with no statistically significant differences in trabecular parameters between smokers and nonsmokers (29).

As revealed by our in-depth research on the nonlinear and positive correlation of serum cotinine levels with OP and osteopenia, the relationship between smoking and osteopenia is at least partially correlated with the effects of nicotine. Indeed, studies have demonstrated that nicotine not only has a direct toxic effect on osteoblasts but is also associated with an increase in osteoclasts (9, 30). In addition, nicotine inhibits aromatase activity and exerts antiestrogenic effects, and the decrease in gonadal hormone levels gives rise to a decrease in osteoblast activity and proliferation and an increase in the resorptive activity of osteoclasts (31, 32). Finally, nicotine heightens inflammation, disrupts the body’s oxidative-antioxidant balance, elevates malondialdehyde levels, and decreases superoxide dismutase and catalase levels, all of which may contribute to osteoporosis (16, 33).

NHANES data were collected and screened by adopting a standardized, uniform protocol to ensure the accuracy, consistency, and reliability of the study data and results. The large community sample ensured the reliability of the results. The inclusion of some important confounding factors in the regression analysis was more intuitive and comprehensive than the mechanism study. Nevertheless, the study still has some limitations. Above all, because this study was based on a cross-sectional survey of NHANES, causal relationships among dependent, independent, and covariate variables could not be inferred. Moreover, because the half-life of nicotine varies among and within individuals, a single indicator of cotinine may not necessarily reflect long-term nicotine exposure. Last but not least, NHANES data sources are measured or collected only once, which heightens the potential for data bias. Accordingly, the database may be replicated multiple times in subsequent studies.

In summary, our study demonstrated that tobacco smoke exposure was correlated with the prevalence of OP or osteopenia in a representative sample of the elderly population in the U.S. The dose-effect phenomenon exhibited a nonlinear and positive relationship between serum cotinine levels and the prevalence of OP or osteopenia. Consequently, the mechanism of OP or osteopenia and serum cotinine needs to be further explored in the future.
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Chronic kidney disease (CKD) is a highly prevalent disease that has become a public health problem. Progression of CKD is associated with serious complications, including the systemic CKD-mineral and bone disorder (CKD-MBD). Laboratory, bone and vascular abnormalities define this condition, and all have been independently related to cardiovascular disease and high mortality rates. The “old” cross-talk between kidney and bone (classically known as “renal osteodystrophies”) has been recently expanded to the cardiovascular system, emphasizing the importance of the bone component of CKD-MBD. Moreover, a recently recognized higher susceptibility of patients with CKD to falls and bone fractures led to important paradigm changes in the new CKD-MBD guidelines. Evaluation of bone mineral density and the diagnosis of “osteoporosis” emerges in nephrology as a new possibility “if results will impact clinical decisions”. Obviously, it is still reasonable to perform a bone biopsy if knowledge of the type of renal osteodystrophy will be clinically useful (low versus high turnover-bone disease). However, it is now considered that the inability to perform a bone biopsy may not justify withholding antiresorptive therapies to patients with high risk of fracture. This view adds to the effects of parathyroid hormone in CKD patients and the classical treatment of secondary hyperparathyroidism. The availability of new antiosteoporotic treatments bring the opportunity to come back to the basics, and the knowledge of new pathophysiological pathways [OPG/RANKL (LGR4); Wnt-ß-catenin pathway], also affected in CKD, offers great opportunities to further unravel the complex physiopathology of CKD-MBD and to improve outcomes.
Keywords: CKD-MBD, renal osteodystrophy, osteoporosis, adynamic bone disease, sclerostin, RANKL (receptor activator for nuclear factor k B ligand), parathyroid hormone, Wnt
INTRODUCTION
Chronic kidney disease (CKD) is a highly prevalent and progressive condition that affects more than 10% of the general population around the globe (Kalantar-Zadeh et al., 2021; Csaba, 2022). CKD has also emerged as one of the leading causes of morbidity and mortality and represents significant challenges for healthcare systems and societies worldwide (Elshahat et al., 2020; Kalantar-Zadeh et al., 2021; Alberto Ortiz, 2022; Csaba, 2022). Importantly, progression of CKD is associated with a number of serious complications, including mineral metabolism disorders and bone pathology, and these are independently associated with fractures, accelerated vascular calcification, cardiovascular disease, and dismal outcomes (Moe et al., 2006; Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Wang et al., 2018; Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009). Bone is no longer regarded simply as an organ that supports and protects internal organs and we even considered to be as a new endocrine organ at the heart of the CKD-mineral and bone disorders (CKD-MBD) (Vervloet et al., 2014). Bone is capable of secreting countless hormones and molecules essential for the normal physiology of many other body systems (Vervloet et al., 2014). Consequently, CKD-MBD is a currently accepted term which refers to a systemic disorder of mineral and bone metabolism due to CKD manifested by various laboratory, bone, and vascular abnormalities (Moe et al., 2006; Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009; Torregrosa et al., 2022).
Previously, the term renal osteodystrophy (ROD) had been coined in 1943 (Llach et al., 2000), 60 years after the identification of an association between bone disease and kidney failure (Lucas, 1883; Llach et al., 2000). ROD was a very broad term that classically included all the skeletal manifestations in patients suffering from CKD or end-stage kidney disease (CKD G5D) (Llach et al., 2000). In children, rickets and skeletal deformities were also included, while osteosclerosis and osteoporosis (OP) were globally considered less common (Llach et al., 2000). Nevertheless, ROD is nowadays considered to be only one component of the wider complex CKD-MBD after a histomorphometric analysis of a bone biopsy has been performed (Moe et al., 2006; Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017). Derangements induced by CKD are multiple, ranging from the classically described disturbances of vitamin D metabolism, calcium, and phosphate balance, through increased levels of parathyroid hormone (PTH) (secondary hyperparathyroidism) to the more recently recognized increases in fibroblast growth factor 23 (FGF23) and sclerostin, or decreased serum klotho levels, among others (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Llach et al., 2000; Hruska et al., 2017). Chronic metabolic acidosis, the use of drugs such as prednisone or calcineurin inhibitors (used to treat certain kidney diseases), diabetes mellitus, accelerated aging, female gender, and early menopause can additionally affect one or more bone properties. A detailed description of all the pathophysiological pathways leading to different forms of ROD is beyond the scope of this article, and we refer interested readers to excellent reviews elsewhere (Goltzman et al., 2018). Nevertheless, in this narrative review we will briefly address the relevant basics as well as evolving topics in bone pathophysiology of interest beyond nephrology. In fact, important paradigm changes from ROD to OP have occurred in recent CKD-MBD guidelines and these need to be more widely known.
BONE CELLS
The most important cells of bone tissue are osteoblasts (OBs), osteoclasts (OCs), osteocytes, and bone-lining cells.
a) OBs develop from pluripotential mesenchymal stem cells (MSCs). MSCs can differentiate into adipocytes, chondrocytes, myocytes, or OBs depending on the transcription factor acting on them. Bone morphogenic proteins (BMPs) and the Wnt signaling pathway are related to OB differentiation. The canonical Wnt signaling pathway induces transcription factors that favor OB differentiation, and the non-canonical Wnt pathway inhibits the differentiation of MSCs to other cell types, resulting overall in a positive balance towards OB formation. The main function of OBs is the formation of the bone matrix through the synthesis and secretion of type 1 collagen and other non-collagenous proteins which will later be mineralized. OBs also collaborate in this function by releasing phosphate contained in their vesicles and, together with the calcium and phosphate contained in the extracellular fluid, compose the main mineral of cortical bone (calcium hydroxyapatite crystals) (Day et al., 2005; Takada et al., 2007; Guo et al., 2010). The N-terminal propeptide of type I procollagen (P1NP) has been identified by the International Osteoporosis Foundation (IOF) and the International Federation of Clinical Chemistry (IFCC) to be one of the reference markers of bone turnover (formation) for fracture risk prediction and monitoring of OP treatment (Vasikaran et al., 2011). It is important to take into account the fact that only the measurement of intact P1NP is not affected by the decreased renal function in patients with CKD (Bover et al., 2021a; Tridimas et al., 2021). Alkaline phosphatase (AP, especially the bone isoform) can also be used to evaluate bone turnover in CKD (Bover et al., 2021a). Actually, AP can reflect not only OB activity in bone but also OB-like cell activity in the active process of ossification of vascular smooth muscle cells (Bover et al., 2018; Bover et al., 2021b).
b) OCs derive from precursor cells of the monocyte-macrophage lineage. OC differentiation and survival require the presence of molecules such as the macrophage colony-stimulating factor (M-CSF) and the important receptor activator of NF-κB ligand (RANKL). OB-synthesized osteoprotegerin (OPG) acts as a high-affinity decoy receptor for RANKL, inhibiting RANKL action on the OC-RANK receptor (Wada et al., 2006). The ratio between RANKL and OPG determines the degree of osteoclastic differentiation (Gori et al., 2000), although blood measurements are not of clinical use. It has been recently described another RANKL receptor, the leucine-rich repeat-containing G-protein-coupled receptor 4 (LGR4), which competes with RANK to bind RANKL and suppresses canonical RANK signaling during OC differentiation (Luo et al., 2016). It also regulates OB differentiation in vivo and in vitro (Luo et al., 2009). LGR4 is also present in different tissues and consequently it has been linked with systemic roles from development to metabolic regulation (Filipowska et al., 2022).
The main function of the OC is bone resorption. OCs must be activated by binding to the bone matrix, polarizing and forming podosomes and different membrane domains (the sealing zone, the characteristic ruffled border, and the functional secretory domain). Each of these domains is extremely important for bone resorption, collagen degradation, and the return of calcium and phosphate to the bloodstream (Luxenburg et al., 2007). Lysosomal enzymes derived from OCs are responsible for breakdown of the collagenous bone matrix at specific sites (Bover et al., 2021a). Resultant products such as carboxy-terminal crosslinking telopeptide of type 1 collagen (CTX) are considered reference markers for bone resorption in the general population (Wheater et al., 2013). However, CTX is highly dependent on kidney function; therefore, the use of CTX cannot be recommended in patients with CKD (Bover et al., 2021a). For this reason, tartrate-resistant acid phosphatase 5b (TRAP5b) is gaining increasing importance, given that its concentration is not kidney dependent (Bover et al., 2021a).
c) Osteocytes represent 95% of all bone cells. These cells are mature OBs that occupy the lacunar space and are surrounded by the unmineralized osteoid matrix. After mineralization, these buried cells become osteocytes and acquire long dendritic-like processes, giving them a star-shaped appearance. Dendritic processes extend along the canaliculi in the bone matrix, interacting with other osteocytes or with OBs on the surface. Osteocytes have a position that allows detection of both mechanical and metabolic signals and act accordingly, directly activating OBs and indirectly OCs, thus initiating the classic remodeling cycle. Osteocytes influence OBs in two directions, either upregulating them through the production of messengers such as nitric oxide and prostaglandin E2 or downregulating them through the secretion of sclerostin (Rochefort et al., 2010). As we will discuss later, osteocytes and sclerostin have gained increased attention in bone pathophysiology, nephrology, and medicine in general since their discovery and the development of new treatments for bone diseases such as OP. Osteocytes are also the main source of FGF23, a pleiotropic hormone responsible of suppressing phosphate reabsorption and calcitriol synthesis in the kidney (Orlando, 2020). Although FGF23 monitoring is not yet included in the regular management of CKD-MBD, it is important to emphasize its role in the development of left ventricular hypertrophy (Richter and Faul, 2018), among other systemic effects (Vervloet, 2020), and its powerful inverse association with survival in CKD patients (Gutiérrez et al., 2008).
NORMAL BONE ANATOMY AND PHYSIOLOGY
Two histologically different regions can be distinguished in bone: a) cortical or compact bone, which represents up to 80% of the skeleton, is composed mainly of calcium hydroxyapatite, and has the main function of providing mechanical support, and b) trabecular or cancellous bone, which is less abundant, is mainly composed of an organic matrix rich in type 1 collagen, has an important endocrine function, and contains the bone marrow.
Several biological processes occur in bone tissue during life. Bone undergoes modelling and remodelling in order to grow or change shape (Katsimbri, 2017). Bone modelling is a process by which bones change shape or size in response to physiological influences or mechanical forces that are encountered by the skeleton (Katsimbri, 2017). Remodelling is the process which allows bone to maintain its mineral homeostasis and strength (Katsimbri, 2017). Once bone growth stops when adult age is reached (after bone formation and shaping), the bone tissue requires dynamic remodelling to maintain adequate resistance and properties (Katsimbri, 2017). Old bone tissue is removed and replaced by new tissue through an organized process occurring within temporary anatomical structures described as basic multicellular units. Five stages are described in the remodelling process. They are widely known as activation, resorption, rest or reversal, bone formation, and termination; however, a detailed description of these mechanisms is beyond the scope of this review (Burger et al., 2003; Martin and Sims, 2005; Bonewald, 2007; Bonewald and Johnson, 2008; Katsimbri, 2017).
Metabolic bone biopsy
Bone dynamics can only be assessed by a bone biopsy, a classic procedure previously performed frequently by nephrologists in order to precisely distinguish among different forms of ROD (e.g., high and low-turnover bone disease) (Moe et al., 2006; Bover et al., 2021a). No biomarker or imaging studies can match this gold standard (Bover et al., 2021a). Tetracycline labeling allows dynamic quantification, e.g., by analyzing the important bone formation rate and the mineral apposition rate, among other dynamic parameters. Many other static evaluations, such as the osteoid area or the percentage of fibrosis, contribute to a precise diagnosis (Mazzaferro and Pasquali, 2021). Essentially, bone biopsies should evaluate bone turnover, mineralization and volume (following the useful acronym TMV) (Moe et al., 2006). Thus, different patterns of ROD are usually described (see below): high-turnover osteitis fibrosa or mild hyperparathyroidism, low-turnover adynamic bone disease (ABD) and osteomalacia, and the mixed form named uremic osteodystrophy (Moe et al., 2006).
Bone biopsies are regaining importance in nephrology, especially with the paradigm changes that have appeared in recent CKD-MBD guidelines (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022). The potential need for better understanding of the consequences of the current more aggressive use of anti-OP treatments in patients with CKD represents an additional reason for this trend (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022). Thus, it is currently considered reasonable to perform a bone biopsy if knowledge of the type of ROD will impact treatment decisions in patients with CKD G3a-G5D (not graded) (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022). It was previously considered reasonable to perform a bone biopsy “in various settings including, but not limited to: unexplained fractures, persistent bone pain, unexplained hypercalcemia, unexplained hypophosphatemia, possible aluminum toxicity, and prior to therapy with bisphosphonates in patients with CKD-MBD” (not graded either) (Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009). A wider description of indications and the technical procedure is beyond the scope of this review and readers are referred to literature elsewhere (Salusky et al., 1988; Torres et al., 2014; Evenepoel et al., 2017). However, it should be emphasized that efforts are currently being made to standardize the variable “normality” values used in different laboratories when performing histomorphometric analysis (Sprague et al., 2016a). It is also being suggested that bone mineral density (BMD) testing should be used to assess fracture risk “if results will impact treatment decisions” in patients with CKD G3a-G5D with evidence of CKD-MBD and/or risk factors for OP (see later) (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022), since bone biopsy is not useful for fracture risk prediction.
EFFECTS OF PARATHYROID HORMONE ON BONE TISSUE
PTH plays a very important role in the dynamics of bone tissue. Several unanswered but important questions remain about the skeletal actions of PTH, with differences between intermittent administration and constant exposure to high levels (Hock and Gera, 1992; Rendina-Ruedy and Rosen, 2022). Thus, constant high PTH levels can increase bone remodelling to exert a catabolic effect on cortical and, to some extent, trabecular bone (Goltzman, 2018). On the other hand, intermittent administration of PTH can exert an anabolic effect on bone; this is especially the case for trabecular bone but also to some extent for cortical bone (Goltzman, 2018). We describe below some of the effects of PTH on bone cells and the remodelling stages.
PTH and osteoblasts
PTH administration enhances bone formation by inducing transcriptional changes in several OB pathways, being the via adenyl cyclase and protein kinase A (PKA) the most prominent (Rendina-Ruedy and Rosen, 2022) (Figure 1). PTH also influences the entire life cycle of OBs, from their differentiation from pluripotent MSCs through to activation and even apoptosis. PTH appears to increase the amount of OB precursors in the bone marrow through a direct action. The bone marrow cells capable of differentiating to OBs are the colony-forming units-fibroblast (CFU-F) and old studies already demonstrated that the administration of PTH (Kalantar-Zadeh et al., 2021; Csaba, 2022; Alberto Ortiz, 2022; Elshahat et al., 2020; Moe et al., 2006; Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Wang et al., 2018; Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009; Vervloet et al., 2014; Torregrosa et al., 2022; Llach et al., 2000; Lucas, 1883; Hruska et al., 2017; Goltzman et al., 2018; Day et al., 2005; Takada et al., 2007; Guo et al., 2010; Vasikaran et al., 2011; Tridimas et al., 2021; Bover et al., 2021a; Bover et al., 2018; Bover et al., 2021b; Wada et al., 2006; Gori et al., 2000; Luo et al., 2016; Luo et al., 2009; Filipowska et al., 2022; Luxenburg et al., 2007; Wheater et al., 2013; Rochefort et al., 2010; Orlando, 2020; Richter and Faul, 2018; Vervloet, 2020; Gutiérrez et al., 2008) to rats for 1 week resulted in the doubling of CFU-F compared with placebo-treated rats (Nishida et al., 1994).
[image: Figure 1]FIGURE 1 | Summary diagram of biochemical and skeletal abnormalies in CKD. Sclerostin rises from very early stages of CKD with TGF-β, uremic toxins, and inflammatory cytokines as main known stimuli. Elevated FG23, in the presence of sKlotho, increases the expression of Dkk1, a Wnt inhibitor; consequently, Wnt-β catenin signaling remains suppressed during the course of CKD. FGF23 decreases the levels of calcitriol, resulting in a stimulus for PTH synthesis and secretion which, on the other hand, decreases the effects of sclerostin. TGF-β, transforming growth factor beta; FGF-23, fibroblast growth factor-23; Vit D, vitamin D; DKK1, Dickkopf 1; PTH, parathyroid hormone; P phosphorus; Ca calcium.
It is well known that PTH cross-talks with the cellular Wnt signaling pathway, stimulating bone formation by increasing the number of OBs. PTH also reduces the levels of sclerostin (downregulating the SOST gene), thus providing another paracrine mechanism through which PTH can stimulate the differentiation of OBs (Bellido et al., 2005; Loots et al., 2005; Drake et al., 2010; Nagata et al., 2022). Within OBs, PTH stimulates the formation of a tertiary complex PTH/PTHrp receptor and the Wnt co-receptor LRP6 (Wan et al., 2008), highlighting the importance of this complex since mice lacking LRP6 in OBs do not respond to iPTH (Wan et al., 2008). This signaling link between PTH and Wnt has also been strengthened by the observation that PTH reduces other Wnt inhibitors [such as Dickkopf 1 (Dkk1), secreted frizzled-related proteins (Sfrp) 1 and 4] (Carrillo-López et al., 2016), and that inhibition of Wnt signaling by Dkk1 prevents the effects of PTH on bone (Li et al., 2006). It has recently been reported that a newly identified osteogenic growth factor, osteolectin/Clec11a, is required for the maintenance of skeletal bone mass during adulthood, and that the combined administration of osteolectin and PTH, but not osteolectin and sclerostin inhibitor, additively increases bone volume (Zhang et al., 2021). These results demonstrate that PTH promotes osteolectin expression and that osteolectin mediates at least part of the effect of PTH on bone formation. (Zhang et al., 2021).
PTH also affects other important series of signaling pathways. For example, PTH stimulates Runx2, an essential transcription factor in bone required for OB differentiation (Arumugam et al., 2019). PTH stimulates the synthesis of growth factors including insulin-like growth factor (IGF)-1 and FGF, both of which are required for the anabolic effects of iPTH (Bikle et al., 2002; Hurley et al., 2006; Wang et al., 2007). Another PTH target gene that has been extensively studied in OBs is the matrix metalloproteinase 13 (MMP13) gene, the expression of which is mediated through an intricate signaling pathway involving PKA, Runx2, sirtuin-1, and others. Thus, PTH upregulation of MMP13 plays an important role in how OBs remodel old bone matrix as they synthesize new type I collagen. (Shimizu et al., 2010; Shimizu et al., 2014; Fei et al., 2015). PTH has also been shown to induce T lymphocytes in the bone marrow microenvironment to produce cytokines that stimulate the differentiation of OBs (Terauchi et al., 2009). Finally, one of the most important effects of PTH in OBs is inhibition of OB apoptosis (Allan et al., 2008; De Pasquale et al., 2008). All these positive actions of PTH on OBs and bone formation represent the basis on which today recombinant PTH (teriparatide) constitutes an alternative in the treatment of OP (Neer et al., 2001). Abaloparatide (an analog of human PTH-related protein) has also recently been approved for OP treatment (Paul et al., 2016). Occasionally, teriparatide has also been used in the treatment of ABD in CKD patients (Cejka et al., 2010; Sumida et al., 2016).
PTH and bone lining cells and osteocytes
Bone lining cells and osteocytes have properties which suggest that they belong to the OB lineage, expressing many of their genes. It has been shown that PTH activates these lining cells, inhibits osteocyte apoptosis, delays the differentiation of OB to lining cells, and increases the conversion of lining cells to OBs (Jang et al., 2016). Osteocytes express receptors for PTH on their surface, in such a way that their morphology and function, including cell retraction, mitochondrial congestion, and cell death, seem PTH regulated (Heller et al., 1950; Cameron et al., 1967; O’Brien et al., 2008; Rhee et al., 2011). On the other hand, PTH upregulates osteocytic RANKL, and RANKL plays a critical role in the PTH-induced increases in bone resorption (see below) (Nakashima and Takayanagi, 2011; Xiong et al., 2011; Ben-awadh et al., 2014; Xiong et al., 2014).
PTH and osteoclasts
OCs do not express receptors for PTH; therefore, PTH action is indirectly mediated through OBs. M-CSF and RANKL are the two main cytokines that drive OC differentiation and function (Feng and Teitelbaum, 2013), and PTH has been shown to increase the expression of these molecules (Itoh et al., 2000). In fact, there are multiple cellular sources of these two cytokines in bone (hypertrophic chondrocytes, marrow stromal cells, osteoblasts, resident marrow lymphocytes, and osteocytes) (O’Brien et al., 2013), and RANKL is a well-studied PTH target gene in multiple cell types (Fu et al., 2002; Fu et al., 2006; Kim et al., 2006; Kim et al., 2007). During OC-mediated bone resorption, growth factors such as TGF-ß1 and IGF-1 are released. IGF-1 is maintained in the bone matrix in complex with binding proteins (IGFBP) and OC bone remodelling leads to IGFBP cleavage and subsequent IGF-1 release (Crane and Cao, 2014). Finally, recent translation studies highlight the potent amplificatory action of T-cell on PTH-induced bone resorption in parathyroid disease (Neale, 2017). PTH acts on CD4+ T-cell to drive up TNFα and IL-17, further amplifying osteoblastic RANKL production and down-regulating OPG, establishing favorable conditions for osteoclastic bone resorption (Neale, 2017).
DISORDERS OF BONE REMODELLING IN CKD
Despite previous descriptions of “late rickets associated with albuminuria” by Lucas in The Lancet in 1883 and “tumor of the parathyroid gland” by MacCallum in 1905 (Llach et al., 2000), it was not until 1924 that a study of a patient with severe bone demineralization and multiple fractures led to the discovery that the disease resided in the parathyroid gland (Albright and Reifenstein, 1948). In 1925 the first resection of a parathyroid adenoma was performed (Albright and Reifenstein, 1948). It 1933 Langmead suggested for the first time that parathyroid hyperplasia was secondary to advanced CKD (Llach et al., 2000). Other patients began to be diagnosed with this new disease and there was a need to study derangements in divalent ion metabolism, vitamin D, and the molecule produced by the parathyroid glands that caused so much damage to the bone tissue (Albright and Reifenstein, 1948; Handler et al., 1954; Llach et al., 2000). In the 1960s, Stanbury and Lamb as well as Dent and co-workers (Llach et al., 2000) linked abnormalities of divalent ion metabolism, PTH, and vitamin D with the bone abnormalities observed in CKD. With the advent of radioimmunoassays for PTH (Brewer and Ronan, 1970; Niall et al., 1970; Llach et al., 2000), high circulating levels of PTH were detected at earlier stages of CKD (Llach et al., 2000); however, it was not until 1970 that characterization of the PTH molecule was completed, which helped to its cloning in 1983 (Brewer and Ronan, 1970; Niall et al., 1970; Vasicek et al., 1983). In the 1990s, highly sensitive immunoassays were developed and its receptor was finally cloned in 1991 (Jüppner et al., 1991; Abou-Samra et al., 1992). We now know that at least very low or very high levels of PTH (i.e., less than 2X or more than 9X the upper normal limit for the used assay) are associated with low or high-turnover bone disease (ABD or osteitis fibrosa, respectively) in dialysis patients; both extremes increase not only the risk of fractures but also mortality by different means (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009; Torregrosa et al., 2022).
It was considered previously that the elevation of PTH was the main responsible for skeletal abnormalities in CKD; however, recent evidence has shown that changes in bone tissue occur from early stages (Sabbagh et al., 2012; Baron and Kneissel, 2013a). The increase in sclerostin and FGF23 levels, two molecules secreted by osteocytes, and the consequent repression of Wnt-β catenin signaling pathway represent a clear mechanistic example explaining the impairment of bone health from the onset of CKD (Figure 1) (Cejka et al., 2012; Moysés and Schiavi, 2015; Drüeke and Massy, 2016). Increasing PTH, to a certain extent, may thus appear as an adaptive mechanism to maintain not only normal serum calcium, phosphate and/or calcitriol levels but also a normal bone remodeling (Torregrosa et al., 2022). Another molecule that is elevated in the early stages of CKD and causes changes in bone dynamics is activin A (ActA), a member of the TGF-β superfamily that is secreted by renal fibroblasts. ActA activates receptors on the surface of OCs, leading to the activation of the intracellular protein Smad2. ActA also increases the expression of RANKL by OBs which binds to RANK on the surface of OCs, stimulating the expression and phosphorylation of c-Fos. Together with smad2, these molecules form a complex that enters the nucleus of OCs generating osteoclastogenesis and bone resorption (AgapovaFangSugatani et al., 2016; Sugatani et al., 2017; Cianciolo et al., 2021).
PTH also alters metabolic homeostasis through its actions in other cells and tissues, and myriad non-skeletal metabolic or anabolic effects have been attributed to PTH (Rendina-Ruedy and Rosen, 2022). However, in addition PTH has been considered a uremic toxin in CKD patients with secondary hyperparathyroidism because of many pleiotropic detrimental effects that can be attributed to this molecule (Ureña-Torres et al., 2018). Surgical parathyroidectomy and calcimimetics seem to reverse some of these untoward effects (Massy et al., 2014; Komaba et al., 2015; McMahon et al., 2015; Komaba et al., 2022).
Regarding bone, PTH levels are actually only indirectly associated with bone formation (a secondary impact), and they probably represent parathyroid activity at a certain time point much better than bone dynamics (Pablo and Covic, 2020). Moreover, unlike most other biomarkers or regulators of bone turnover, such as APs or P1NP, PTH secretion is not dictated by local bone demands (triggered on osteocytes via mechanical stimuli) (Bover et al., 2018). Actually, the major determinants of PTH synthesis and secretion are calcium, phosphate, vitamin D, and FGF23 levels (Levin et al., 2007; Sturgeon et al., 2017). In fact, according to current guidelines, the measurement of both serum PTH and bone AP can be used to evaluate bone disease in CKD patients because markedly high or low values predict underlying bone turnover (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Jørgensen et al., 2022a). Combination of PTH and APs significantly increases both the sensitivity and the specificity of the histopathological diagnosis (Ureña et al., 1996; Bover et al., 2018). These biomarkers offer the possibility of more frequent serial measurements that can guide us on therapeutic decision-making and follow-up. However, despite it has been recently recognized that diagnostic performance of biochemical markers of bone turnover is acceptable, with clinical utility in ruling out both high and low turnover bone disease, biomarkers do have some limitations such as the scarcity of data available to consider precise target figures, their biological variability and the inherent disparity of trials leading to different reference ranges and cut-offs (Jørgensen et al., 2022a; Jørgensen et al., 2022b).
While the parathyroid glands can be affected by a primary disease, such as parathyroid adenoma or the rare parathyroid neoplasms, secondary (or even tertiary) hyperparathyroidism is frequently observed during the course of CKD (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022). Below we describe the two most common histologic patterns, which derive from very high (osteitis fibrosa) and relatively low levels of PTH (ABD).
OSTEITIS FIBROSA
The first report of this disease derived from very high PTH levels was made by von Recklinghausen in 1891 (Von Recklinghausen, 1891), but the full report of “osteitis fibrosa cystica” was not provided until 1936, by Albright and co-workers (Llach et al., 2000). CKD-associated hyperparathyroidism was considered by far the most prevalent form of ROD until recently, especially among advanced CKD and dialysis patients. However, current patterns show a lower prevalence ranging from 20% to 40% (Bover et al., 2014). The pathophysiology of secondary/tertiary hyperparathyroidism is beyond the scope of this review and interested readers are referred elsewhere (Llach et al., 2000; Cunningham et al., 2011; Lunyera and Scialla, 2018). After increased synthesis and secretion of PTH by multiple stimuli (hypocalcemia, hyperphosphatemia, decreased calcitriol, etc.), PTH binds to its receptors in bone tissue (mostly PTHR1), which are located on the surface of OBs and osteocytes. PTHR1 belongs to the B-family of G protein-coupled receptors, and once the PTH molecule has bound to its receptor, it triggers a series of intracellular signaling events (Figure 2).
[image: Figure 2]FIGURE 2 | Dual effect of PTH on bone (formation and resorption). Parathyroid hormone (PTH) and PTH-related peptide (PTHrP) bind to the PTH/PTHrP type 1 receptor (PTH1R) with similar effects. This G protein-coupled receptor generates a dissociation of the α subunit. The most studied is the αs subunit and its main effector is adenylyl cyclase, which catalyzes the synthesis of the second messenger cyclic adenosine monophosphate (cAMP), which activates the cAMP-dependent protein kinase (PKA) pathway, phosphorylating several proteins that have diverse effects on bone and that we describe below: phosphorylation of cAMP response element-binding protein (CREB), increasing the expression of osteoblast-specific genes such as Runx 2, Osteocalcin and matrix metalloproteinase; stimulation of the Wnt-signaling pathway Wnt by means of the low-density lipoprotein receptor-related protein 6 (LRP6); phosphorylation and stabilization of β-catenin, suppression of Dickkopf 1 (DKK1) and glycogen synthase kinase 3 beta (GSK3β). Both are Wnt inhibitors, leading to the stimulation of the Wnt/B-catenin signaling pathway. All the aforementioned actions of PTH represent stimuli for bone formation (osteoanabolic effect). On the other hand, PTH in osteoblasts and osteocytes stimulates the production of receptor activator of nuclear factor Kβ ligand (RANKL) and decreases the production of osteoprotegerin (OPG), generating osteoclastogenesis and thereby stimulating bone resorption. In osteocytes, PTH suppresses the expression of sclerostin and this stimulates the Wnt/B-catenin signaling pathway, stimulating bone formation. PTH in osteocytes also stimulates the expression of nuclear receptor-related 1 protein (Nurr1), leading to an increase in the production of fibroblast growth factor-23 (FGF-23). PTH1R, in addition to coupling to αs, can also couple to αq/11, which activates the phospholipase C (PLC) by catalyzing the synthesis of its second messengers, inositol 1,4,5-trisphosphate (IP3); and diacylglycerol (DAG). In turn, PTH increases intracellular Ca2+ and activates protein kinase C (PKC) isozymes, PLC–PKC signaling pathway which is essential for osteoblast proliferation and for bone modeling and remodeling. Adapted from M. Bastepe, S. Turan and Q He (J Molec Endocrinol 2017; 58, R203-224).
In OBs, binding of PTH to its receptor induces the production of M-CSF and RANKL, responsible for the differentiation and activation of OCs (Kondo et al., 2002; Feng and Teitelbaum, 2013). PTH also induces the production of osteocytic RANKL, potentiating the differentiation and activation of OCs (Nakashima and Takayanagi, 2011; O’Brien et al., 2013; Ben-awadh et al., 2014; Xiong et al., 2014). The persistent and constant elevated PTH increases the bone resorption units, resulting in a considerable increase in resorptive areas and leading to negative bone balance (Malluche et al., 1982; Ma et al., 2001; Silva and Bilezikian, 2015). Increased osteoblastic activity leads to an unparalleled increase in the production of osteoid by OBs. Nevertheless, this osteoid does not have an orderly and laminar disposition, as in normal bone. This is known as woven bone, and this increase in osteoid is known as hyperosteoidosis, which occurs as a consequence of increased remodelling and not due to a delay in mineralization, as is the case with osteomalacia (Malluche et al., 1982; Feng and McDonald, 2011; Hruska et al., 2017).
Furthermore, in hyperparathyroidism there is activation of fibroblast-type mesenchymal cells that give rise to peritrabecular fibrosis (Lotinun et al., 2005; Lowry et al., 2008). The overall results is a loss of cortical bone secondary to the accelerated resorption, which far exceeds bone formation, and in the place of a laminar osteoid, a fibrous tissue even containing cysts is present (Naji Rad and Deluxe, 2022).
ADYNAMIC BONE DISEASE
In the 1980s the term “aplastic” or “adynamic” bone disease was introduced (Malluche and Faugere, 1986). Aluminum intoxication was previously the most frequent cause of low-turnover bone disease (aluminum-induced osteomalacia) since aluminum decreases the activation of OB and OC and causes an important defective mineralization (Malluche and Faugere, 1986; Nebeker and Coburn, 1986). ABD is characterized by suppressed bone formation, low cellularity, and thin osteoid seams, the last-mentioned being the most important difference with osteomalacia (wide osteoid volume) since mineralization is normal in ABD (Parfitt et al., 1987; Moe et al., 2006; Nagy et al., 2022). Minimodeling has been shown to potentially contribute to bone formation in dialysis patients with ABD, in the absence of remodelling stimulated by PTH, and this is especially the case in young patients with positive activities of daily living (Ubara et al., 2005). Minimodeling refers to the formation of bone by the action of OBs without prior resorption by OCs. Bone modeling can be divided into macromodeling or minimodeling depending on whether it is developed in cortical or cancellous bone, respectively. This process, which is very important during fetal and neonatal life, generates convex bone formation on smooth cement lines which do not express tartrate-resistant acid phosphatase, the hallmark of OC activity when bone formation is preceded by resorption. The first to use this term was Frost (Frost, 1966), and it was postulated later that minimodeling may continue in trabeculae throughout life (Frost, 1990). It seems to contribute to a significant percentage of bone volume in special conditions such as CKD, parathyroidectomized and/or patients with ABD, and it has been popularized with the advent of new dual medications against OP, such as romosozumab (Yamamoto et al., 2021). Increased mineralization of the minimodelling surface at the endocortical surface has also been observed in dialysis patients with ABD treated with the non-calcium-based phosphate binder lanthanum carbonate (Yajima et al., 2013).
The prevalence of ABD used to be much lower than that of osteitis fibrosa, but this pattern of bone damage has increased significantly, and in most recent studies it is described as the most prevalent (Frazão and Martins, 2009; Malluche et al., 2011; Nagy et al., 2022). It has even been proposed that ABD may be the predominant bone pattern in early stages of CKD (Massy and Drueke, 2017). The rising prevalence is probably due to patient’s increasing age and a higher prevalence of diabetes mellitus (relative hypoparathyroidism) (Jara et al., 1995; Brandenburg and Floege, 2008). In fact, however, the etiology of ABD is multifactorial and there are many other potential causes, including iatrogenic factors, malnutrition-inflammation syndrome, gonadal dysfunction, and the antagonistic effect of retained PTH fragments, among many others (Brandenburg and Floege, 2008; Bover et al., 2014). Calcium overload (oral or contained in the dialysate bath) and an excessive use of antiparathyroid (vitamin D or calcimimetics) agents have also been closely associated with ABD due to excessive suppression or inadequate normalization of PTH levels in CKD (Bover et al., 2014). The combination of relatively low levels of PTH and APs currently represents the best clinical basis for assessment of potential ABD beyond the gold standard bone biopsy (Couttenye et al., 1996; Moore et al., 2009; Sprague et al., 2016b; Bover et al., 2018). In fact, multifactorial hyporesponsiveness to PTH is a well-documented consequence of CKD (Evenepoel et al., 2016; Bover et al., 2021c) and a certain degree of secondary hyperparathyroidism is beneficial in CKD patients, not only because of the positive PTH phosphaturic effect but also in order to maintain a normal bone formation rate (Ketteler et al., 2022; Torregrosa et al., 2022). ABD has also been associated with a higher mortality, occasionally attributed to an increased number of fractures and accelerated vascular calcification (Bover et al., 2014).
A crucial aspect of low remodelling is that it promotes longer secondary mineralization, which may lead to brittle bones. It should be known that the osteoid mineralization process is carried out in two stages: primary mineralization, over the course of days, during which 50%–79% of the maximum mineralization is reached, and afterwards secondary mineralization begins (Ruffoni et al., 2007; Bala et al., 2010). Secondary mineralization is a slow process and develops in the course of months, contributing to the maximum mineralization and to an increase in the quantity and size of the crystals (Boivin and Meunier, 2003). Secondary mineralization occurs inversely to bone turnover. Thus, the greater the turnover the shorter the time in which secondary mineralization develops, and the lower the turnover the longer the duration of secondary mineralization (Boivin et al., 2009). In addition, the suppression of bone turnover can cause micro fissures that are difficult to repair in the presence of a low bone formation rate (Ng et al., 2016; Dong et al., 2019). In this context, the 2009 KDIGO CKD-MBD guideline recommended a bone biopsy prior to antiresorptive therapy in patients with CKD G4 to G5D, low BMD, and/or fragility fractures (Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009). The rationale was that low BMD may be due to CKD-MBD (e.g., high PTH) and that lowering PTH is a safer and more appropriate therapy than an antiresorptive (Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009). Moreover, there was concern that bisphosphonates could induce ABD, although this hypothesis was based upon a single cross-sectional study (Amerling et al., 2010). In the intervening period, studies in patients with CKD have not definitely demonstrated that bisphosphonates are a direct cause of ABD (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022). Suppression of bone turnover is inherent to bisphosphonates and most treated patients develop a low bone formation rate (Evenepoel et al., 2021a), yet this treatment prevents fractures (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017). Suppression of bone turnover by bisphosphonates occurs even in the absence of CKD and there is no evidence that the level of remodelling suppression in CKD is greater than that in non-CKD counterparts (Allen and Aref, 2017). In any case, the implications of drug-induced suppression of bone turnover for bone strength are intensely debated (Evenepoel et al., 2021a). As we mentioned previously, low PTH levels as a proxy of low-bone turnover in CKD patients have been associated with increased fracture risk (Coco and Rush, 2000; Nitta et al., 2004) but it remains a matter of debate whether low bone turnover per se or the disease causing low bone turnover accounts for the perceived ABD-induced risk of fracture or adverse outcomes (Evenepoel et al., 2021a; Nagy et al., 2022).
It is noteworthy that in ABD there is a state of imbalance between the low circulating levels of bone anabolic factors such as IGF-1 and the increased expression of inhibitors of bone turnover such as sclerostin and Dkk1. This imbalance favors suppression of bone formation through inhibition of the Wnt-catenin pathway (Tanaka et al., 2015; Massy and Drueke, 2017). New treatments for OP with a dual action (anti-sclerostin antibodies with anabolic and antiresorptive properties) were shown to be promising in a rat model of progressive ROD (Moe et al., 2015). It is noteworthy that these authors found efficacy in improving rat bone properties only when the PTH levels were low, also preventing calcium-induced vascular calcification, while no significant effect was observed in animals with high PTH levels.
OSTEOPOROSIS
OP is defined as a systemic skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, leading to an increase in bone fragility and therefore a higher susceptibility to bone fractures (Compston et al., 2019). Consequently, the definition of OP includes not only bone quantity (mass) but also bone quality (microstructure), in addition to the important clinical outcome of fragility fractures (Compston et al., 2019). This concept was developed in 1993 by an International Consensus of experts, and the diagnostic criteria, which were also adopted by the WHO in 1994, use standard deviation (SD) scores of BMD in relation to the peak bone mass reached by young healthy women (WHO, 1994).
Briefly, in postmenopausal women, OP was defined as a BMD T-score lower than −2.5 SD below the average of young healthy women, and osteopenia as a BMD T-score between −1 and −2.5 SD below this average value (WHO, 1994). Thus, there is a significant relationship between BMD and fragility fractures, with a 1.5 to 2.6-fold increase in fracture risk for every SD decrease in BMD (Siris et al., 2004). Importantly, the diagnostic criteria recognize the importance of BMD in the pathogenesis of fragility fractures and also provide a tool to quantify the prevalence of OP (bone densitometry) (Compston et al., 2019). However, the utility of BMD as the sole clinical indicator for OP is limited since BMD is only one of multiple risk factors for fracture development. Actually, the majority of fragility fractures occur in individuals with BMD values above this threshold (less negative) (Siris et al., 2004; Compston et al., 2019). Accordingly, the National Bone Health Alliance Working Group published a position statement in 2014 which included not only BMD but also the presence of fragility fractures and the fracture risk assessed by the Fracture Risk Assessment Tool (FRAX) for the clinical diagnosis of OP (Siris et al., 2014). Apart from the BMD criteria, these experts also defined OP as the presence of a hip fragility fracture (with or without BMD), a non-hip fragility fracture (including vertebral, proximal humeral, pelvic, and distal forearm fractures) plus densitometric osteopenia, and a high fracture risk just based on a nationally-adapted FRAX score (Siris et al., 2014). Since bone quality is probably another important aspect to be taken into account which may be additionally affected in the presence of CKD (Tasnim et al., 2021), new tools are being developed to improve its assessment and improve fracture risk prediction both in the general population and in CKD patients (Bover et al., 2021a).
Osteoporosis and chronic kidney disease
Studies assessing the presence of densitometric OP in patients with CKD are scarce since BMD assessment was not recommended in the previous 2009 KDIGO CKD-MBD guidelines (evidence 2B) (Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009). However, as mentioned previously, an important shift occurred in the 2017 KDIGO CKD-MBD guidelines in the opposite direction (evidence 2B). Thus, it was now suggested that BMD testing could be used to assess fracture risk in patients with CKD G3a-G5D if results would impact treatment decisions (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017); the rationale being that new evidence had appeared, demonstrating that DXA does predict fractures also in patients with CKD (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Kidney Disease: Improving Global Outcomes KDIGOCKD–MBD Work Group, 2009; Pimentel et al., 2021). The same suggestion has since been adopted in other national guidelines (Torregrosa et al., 2022). In fact, at least 4 prospective cohort studies using dual-energy X-ray absorptiometry (DXA) BMD and incident fractures demonstrated that DXA BMD predicted incident fractures across the spectrum from CKD G3a to G5D (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017). Nevertheless, it is important to recognize that DXA does not distinguish among different forms of ROD and it essentially evaluates quantity as opposed to quality of bone (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Pimentel et al., 2021). Consequently, BMD does not offer information either on bone microarchitecture [the trabecular bone score (TBS) may provide some additional clues] (Silva et al., 2014; Yun et al., 2020), bone turnover or mineralization, and cannot differentiate between OP, ABD, osteomalacia or osteitis fibrosa (Ginsberg and Ix, 2022). However, as mentioned before, BMD does predict fractures and may support decision-making together with bone biomarkers (Jørgensen et al., 2022a), even in the absence of a bone biopsy, according to recent guidelines which also draw attention to the associated vital risk (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022).
Bone metabolism in CKD patients differs from that of the general population, depending on CKD stage, and type of kidney replacement therapy (i.e., hemodialysis, peritoneal dialysis, or kidney transplantation), among many other pathophysiological factors including bone location and histologic structure (Chen et al., 2014). Thus, cross-sectional analysis showed a significantly lower BMD at femoral neck and total hip and a significant higher serum PTH along with CKD stages (Cailleaux et al., 2021). Baseline age, gender, low body mass index, tobacco, and high PTH levels were significantly associated with low BMD (Cailleaux et al., 2021). Interestingly, the longitudinal bone loss observed in patients with CKD during the mean 4.3-year follow-up revealed a significant bone loss at the radius only, whereas BMD changes at the femoral neck were not associated with CKD stages or basal PTH levels (Cailleaux et al., 2021). These data invite to a better definition of the skeletal site and the monitoring schedule of serial BMD measurements in patients with CKD, and to investigate the changes of BMD and microarchitecture with high-resolution techniques, which may broaden the understanding and differential role of PTH on trabecular and cortical bone, especially in CKD patients (Cailleaux et al., 2021).
Different drugs in patients with this clinical condition (including glucocorticoids) may also affect bone metabolism, and it has to be taken into account that extensive vascular calcification or the presence of an arteriovenous fistula may additionally affect the diagnosis of OP (Evenepoel et al., 2021a; Pimentel et al., 2021). Moreover, drugs approved for OP are not simply the subject of theoretical concerns (ABD); rather some restrictions on use may be stipulated in their summary of product characteristics (SmPC) when decreased renal function is present (an example being bisphosphonates). However, growing experience with OP medications in patients with CKD has increased the confidence in using antiresorptive therapy in patients with low BMD and a high risk of fracture (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022).
Chronic kidney disease and fractures
It seems clear that patients with CKD sustain more fragility fractures than the general population (Pimentel et al., 2021), and the risk of fragility fracture has been reported to be up to 5 times higher in individuals with an estimated glomerular filtration rate (eGFR) of less than 15 ml/min/1.73 m2 compared to those in whom the eGFR exceeds 60 ml/min/1.73 m2 (Naylor et al., 2015; Pimentel et al., 2021). Additionally, it should be noted that the worse the CKD stage, the higher the fracture risk (Naylor et al., 2015). For example, the Canadian Multicentre Osteoporosis Study (CaMos) reported a fracture incidence ranging from 15.0/1,000 person-years in CKD G1 up to 46.3/1,000 person-years in CKD G4 (Naylor et al., 2015). Many other factors are involved in the increased fracture risk associated (or not) with CKD such as age, gender (the risk is higher in women), history of prior hip fracture, urine albumin levels, low body mass index, long dialysis vintage, and/or high and low-turnover bone disease (Pimentel et al., 2021). On the other hand, studies assessing the prevalence of vertebral fractures among individuals with CKD are scarce and clearly seem to underestimate such fractures, as the published rates have ranged between 1% and 20% (Pimentel et al., 2021). Furthermore, it should be underlined that there is a higher mortality risk after a fragility fracture (hip and non-hip fractures) in patients with CKD G4-G5 as compared to controls with an eGFR over 60 ml/min/1.73 m2 (de Bruin et al., 2020). Like many other authors, we have shown in a recent study that the presence of vertebral fractures is correlated with poorer survival and that these fractures are independent predictors of all-cause mortality (Castro-Alonso et al., 2020). Consequently, current nephrology guidelines have removed the requirement for bone biopsy prior to the use of antiresorptive drugs for OP because their use must be individualized in patients with CKD (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022; Ketteler et al., 2017), and the risk/benefit ratio may be favourable also in these patients (Bover et al., 2019; Casado and Neyro, 2021; Torregrosa et al., 2022). Actually, it has been proposed that it is “time for action” even in the absence of randomized clinical trials (Moe and Nickolas, 2016), although it is still prudent to use these drugs with caution (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017; Torregrosa et al., 2022; Bover et al., 2019; Casado and Neyro, 2021).
NEW BONE METABOLIC PATHWAYS-NEW TREATMENTS
In recent years, we have learned more about the role of certain cell signalling pathways in the regulation of bone metabolism, examples being the OPG/RANKL (LGR4) system and the canonical Wnt-ß-catenin pathway. It is important that knowledge on these two pathophysiological pathways is further expanded, given that the latest approved antiosteoporotic treatments aim to modulate these signalling routes. Denosumab is an antibody against RANKL and romosozumab is an antibody against sclerostin. They are not specifically contraindicated in renal failure and therefore they may become a real therapeutic target for OP even in patients with CKD, also bearing the absence of chronic accumulation (Festuccia et al., 2017; Miller et al., 2022; Suzuki et al., 2022).
Wnt-β-catenin signaling
We have already mentioned that the Wnt-β-catenin is an intracellular signaling pathway that has emerged as a key regulator of osteoblastogenesis (Gordon and Nusse, 2006). Its regulation occurs mainly through its antagonists, sclerostin and Dkk-1, which are primarily expressed by osteocytes (Gordon and Nusse, 2006). In brief, when the Wnt protein binds to the dual receptor complex, which comprises frizzled (Fz) and either low-density lipoprotein receptor (LDLR)-related protein 5 (LRP5) or LRP6, ß-catenin is accumulated in the cytoplasm and enters the nucleus, where it is associated with a transcription factor, regulating the expression of canonical Wnt target genes such as WISP1 and RUNX2 (Gordon and Nusse, 2006) (Figure 3). Consequently, the activation of Wnt signalling finally induces the differentiation of OB precursors towards mature OBs and prevents OB (and osteocyte) apoptosis, resulting in increases in bone mass. However, when sclerostin or Dkk-1 binds to the Wnt receptors (LRP-5/6 membrane), they prevent the binding of the Wnt protein to its receptors, and the cytoplasmatic ß-catenin protein is phosphorylated and degraded. Therefore, ß-catenin cannot enter the nucleus and cannot activate osteoblastogenesis. Other inhibitors, such as the Sfrp 1and 4, (upregulated in CKD) do not specifically bind to LRPs but compete with the Wnt ligand for the binding to the receptor (Gordon and Nusse, 2006). As a consequence, the inhibition of Wnt signalling (by the absence of Wnt protein or the presence of antagonists) leads to downregulation of bone formation, probably leading to a lower bone mass (Gordon and Nusse, 2006; Baron and Kneissel, 2013b). In addition, Wnt-ß-catenin signalling is critical not only for osteoblastogenesis but also for the regulation of osteoclastogenesis (Wijenayaka et al., 2011) through the RANKL/OPG system (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of the Wnt-ß-catenin signalling pathway. (A) Activation of the intracellular cascade depending on the union between Wnt protein and its receptors. (B) Inhibition of Wnt signaling by its antagonists, blocking the union between Wnt protein and its receptors. Wnt: Wnt protein; Fz: frizzled; LRP5: low-density lipoprotein receptor (LDLR)-related protein 5 or LRP6; GSK-3b: glycogen synthetase kinase 3; APC: tumor suppressor adenomatous polyposis coli; Lef-1: Tcf/lymphoid enhancer-binding factor; Sfrp: secreted Fz-related-proteins; Scl: Sclerostin; Dkk1: dickkopf–related protein 1. Adapted from [Guañabens N, Curr Osteoporos Rep 2014].
Sclerostin
Sclerostin is a 22-kDa protein that is a member of the cystatin knot family of proteins and the product of the SOST gene (Brandenburg et al., 2019). Loss of function mutations of the SOST gene have been reported in van Buchem disease (sclerosteosis; a hereditary sclerosing bone dysplasia) (), and this represented the starting point for development of an anti-sclerostin antibody which has recently been approved for the treatment of OP (Baron and Kneissel, 2013b). As mentioned above, sclerostin downregulates osteoblastogenesis but also promotes osteoclastogenesis through activation of the RANKL/OPG system; thus the antibody offers a unique dual positive action (Wijenayaka et al., 2011). Sclerostin is also expressed by osteoclast precursors, hepatocytes, and renal and vascular cells, but little is known about the systemic effects of this molecule [186].
In postmenopausal women, increased circulating sclerostin values have been associated with OP and an increased risk of fragility fractures (Clarke and Drake, 2013). It has also been described an increase of circulating sclerostin values in some clinical conditions associated with OP such as type 2 diabetes mellitus, glucocorticoid treatment, multiple myeloma or CKD; whereas decreased values ​​of sclerostin have been described in patients with hyperparathyroidism and under osteoanabolic treatment with teriparatide (Moysés and Schiavi, 2015).
Sclerostin in chronic kidney disease
In CKD, circulating levels of sclerostin increase as kidney function declines (Moysés and Schiavi, 2015; Massy and Drueke, 2017; Figurek et al., 2020). Thus, the level has been reported to be 5 times higher in patients with CKD G5D (Figurek et al., 2020). Additionally, increased sclerostin values have been described in individuals undergoing hemodialysis (Moysés and Schiavi, 2015). Curiously, it seems that peritoneal dialysis decreases sclerostin circulating levels (as 2.5 times higher values have been found in the dialysate compared to urine), whereas after a conventional hemodialysis session the circulating levels of sclerostin remain unaltered (Figurek et al., 2020). In this context, a small prospective study has shown suppression of the increase in sclerostin level in hemodialysis using a medium cut-off dialysis filter (Ahn et al., 2021).
The pathophysiology of sclerostin in CKD and its consequences are not clear yet. On the one side, sclerostin is overexpressed by osteocytes and by injured kidney cells (Moysés and Schiavi, 2015), while on the other hand there is an increased tubular excretion of sclerostin with a reduction in renal function (Moysés and Schiavi, 2015; Figurek et al., 2020). It is well known that after kidney transplantation serum sclerostin values are rapidly restored to the normal range (Moysés and Schiavi, 2015). Altogether suggests that a sclerostin accumulation occurs in CKD, and it has been reported that it may be present even at early CKD stages in an attempt to prevent bone loss (Massy and Drueke, 2017) as a result of both a multifactorial increase in expression and a decrease in elimination (Moysés and Schiavi, 2015). Moreover, it seems that sclerostin also intervenes in the relationship among phosphate, FGF23 and bone in CKD. Thus, a positive correlation has been described between sclerostin, serum phosphate, and FGF23, while, conversely, a negative relationship with PTH has been reported (Moysés and Schiavi, 2015; Figurek et al., 2020). Additionally, high sclerostin levels have been associated with PTH resistance or hyporesponsiveness to PTH in CKD (Massy and Drueke, 2017; Figurek et al., 2020; Bover et al., 2021c). Other molecules beyond PTH and phosphate (and probably FGF23) also seem to regulate the expression of sclerostin, such as calcitriol, BMPs, TNF, and prednisone (Moysés and Schiavi, 2015), suppressing sclerostin expression from osteocytes, and increasing the rate of bone remodelling (Figurek et al., 2020).
Finally, an inverse relationship has been described between sclerostin and bone AP (Figurek et al., 2020). A recent study assessed the relationship between bone histomorphometric parameters from patients with CKD G3-G4 and circulating levels of the Wnt antagonists sclerostin and Dkk-1 (Neto et al., 2021). It was observed that individuals with low-turnover bone disease (diagnosed by bone biopsy) had higher circulating sclerostin levels and lower DKK-1 and RANKL levels as compared to individuals with high-turnover bone disease or normal bone histology (Neto et al., 2021), demonstrating an association between higher circulating sclerostin values and lower bone remodelling (low bone turnover). Additionally, in a CKD animal model of ABD, high dietary phosphate intake was associated with high osteocyte SOST expression (Antoine et al., 2020). While more studies are needed to assess the usefulness of the circulating values of sclerostin as a clinical tool to identify patients with low-turnover bone disease in CKD, taking into account all the data it may be concluded that blocking sclerostin could be an interesting treatment target for those patients with low-bone turnover or at least some CKD patients with OP due its dual positive action (Antoine et al., 2020). Romosozumab has recently been approved for the treatment of postmenopausal OP, although in Europe it carries a black box warning that it should not be initiated in patients with myocardial infarction or stroke in the preceding year (Anthony, 2019). Initial positive experiences in CKD patients are being currently published (Sato et al., 2021; Miller et al., 2022; Suzuki et al., 2022).
DENOSUMAB AND ROMOSOZUMAB
We have already briefly discussed both the OPG-RANKL-RANK system and the Wnt-β-catenin signaling pathway, and that these monoclonal antibodies (anti-RANKL and antisclerostin, respectively) are not contraindicated in CKD or dialysis patients with OP. Nevertheless, their use in CKD may be associated with specific problems (at least in advanced stages), which are described elsewhere (Festuccia et al., 2017; Bover et al., 2019; Miller et al., 2022; Suzuki et al., 2022)”. Briefly, hypocalcemia is more frequently observed in CKD patients and therefore an adequate repletion of calcium and vitamin D is recommended (Miller et al., 2022), especially in dialysis patients. Most importantly, the favorable skeletal effects of these monoclonal antibodies may reverse quickly upon discontinuation, especially after denosumab withdrawal, because of a vast increase of OC number and activity, which may lead to a subsequent profound increase of bone turnover to pre-treatment or even above pre-treatment values, a phenomenon commonly described as “rebound phenomenon” (Casado and Neyro, 2021).
In the case of denosumab, subsequent multiple vertebral fractures have been described upon discontinuation (Tsourdi et al., 2017; McClung et al., 2020). Risk was similar to that observed in the placebo group in the randomized clinical trials (Kim et al., 2022). A recent new hypothesis for the rebound effect after denosumab cessation is by the phenomenon to OB recicling from osteomorphs, a newly described cell state (Kim et al., 2022). Consequently, in case that a cessation of treatment is deemed necessary either by patient’s decision, or medical reasons such as low adherence, or after reaching a determined T-score at BMD, or after completing the 12-month treatment (in the case of romosozumab), guidelines recommend different approaches and/or sequential treatments which are more detailed and specific after denosumab suppression (Tsourdi et al., 2017; McClung et al., 2020; Kendler et al., 2022; Kim et al., 2022).
In summary, CKD is a highly prevalent condition and recent years have witnessed important advances in the understanding of the associated mineral metabolism disorders. The systemic complex CKD-MBD has already been universally accepted because of its clear association with cardiovascular disease and extremely high mortality rates. CKD-MBD includes a bone component which is no longer just represented by the classical ROD or disorders of bone remodelling. In fact, it is now very well known that CKD is associated with a higher risk of falls and fractures, and higher mortality rates when a fracture occurs. New guidelines suggest that BMD should also be assessed in CKD patients if results will impact clinical decisions (i.e., individualized prescription of anti-OP drugs). Several illustrative algorithms for CKD patients have already been published, broadly calling for a shift from nihilism to pragmatism (Pimentel et al., 2017; Evenepoel et al., 2021b; Evenepoel et al., 2021c; Pimentel et al., 2021; Casado et al., 2022; Ginsberg and Ix, 2022; Haarhaus et al., 2022). However, it is still prudent to use these drugs (bisphosphonates, denosumab, recombinant PTH and romosozumab) with caution, especially in advanced kidney disease, balancing the risk/benefit ratio, since, as documented in this article, pathophysiological pathways are extremely intricate and not completely unraveled yet.
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Fractures associated with Type2 diabetes (T2DM) are major public health concerns in an increasingly obese and aging population. Patients with obesity or T2DM have normal or better than normal bone mineral density but at an increased risk for fractures. Hence it is crucial to understand the pathophysiology and mechanism of how T2DM and obesity result in altered bone physiology leading to increased fracture risk. Although enhanced osteoclast mediated bone resorption has been reported for these patients, the most notable observation among patients with T2DM is the reduction in bone formation from mostly dysfunction in osteoblast differentiation and survival. Studies have shown that obesity and T2DM are associated with increased adipogenesis which is most likely at the expense of reduced osteogenesis and myogenesis considering that adipocytes, osteoblasts, and myoblasts originate from the same progenitor cells. Furthermore, emerging data point to an inter-relationship between bone and metabolic homeostasis suggesting that these physiologic processes could be under the control of common regulatory pathways. Thus, this review aims to explore the complex mechanisms involved in lineage differentiation and their effect on bone pathophysiology in patients with obesity and T2DM along with an examination of potential novel pharmacological targets or a re-evaluation of existing drugs to improve bone homeostasis.
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1 Introduction



1.1 Obesity type 2 diabetes and bone

Obesity is associated with increased risk of T2DM (1), Cardiovascular diseases (2) and Cancer (3). The World Health Organization (WHO) defined overweight as a BMI of 25 to 29.9 kg/m2 and obesity as a BMI greater than or equal to 30 kg/m2 (4). According to new world health Atlas 2022, by 2030, 20% of women and 14% of men and over 1 billion people will be living with obesity globally (https://www.worldobesityday.org) and nearly 1 in 4 adults will have severe obesity with prevalence of more than 25% higher in 25 states in US (5). Obesity may lead to T2DM and by 2035, the global prevalence of T2DM is likely to be 592 million (6). The duo (obesity and T2DM) increases as the population ages. Both conditions are associated with normal or better than normal bone mineral density (BMD) but paradoxically increase in the risk for fractures. Obesity is a risk factor for T2DM such that the bone phenotype in the two conditions likely overlap in a major way. Thus, this review aims to examine, the complicated underlying molecular mechanisms involved in the alteration in lineage differentiation and identify pharmacological targets that redirect cell differentiation from the adipogenic to the osteogenic/myogenic pathways.




1.2 Pathophysiology of skeletal fragility in obesity and T2DM

Increase in bone marrow adipose tissue volume has been reported both in diabetes and obesity (7). Earlier studies confirmed an increased risk for hip fracture in both male and female patients with type1 diabetes(T1DM) (8). Osteoporotic fractures especially on the hip, are increased in both T1DM and T2DM, but the risk is 7 fold for those with T1DM compared to 1.38 fold increase in hip fractures of T2DM (9). The increased risk in T1DM is due to lack of anabolic effects of insulin which may contribute to lower peak bone mass while bone mass seems to be preserved in the T2DM (10). Regardless, studies have shown that both T1DM and T2DM is associated with a switch from osteogenesis to adipogenesis, increase in bone marrow adiposity leading to cellular marrow replacement with fat (11). The higher BMD in obesity is believed to be due to skeletal adaptation to accommodate mechanical load and strain (12, 13). However, visceral and total adiposity was not associated with vertebral fractures in men (14). Some studies reported negative correlation between BMD (15, 16). Obesity, is associated with increased secretion of pro-inflammatory factors (as described in Figure 1)) that may be harmful to bone and activation peroxisome proliferator-activated receptor-γ (PPARγ) and CCAAT/enhancer-binding protein alpha (CEBPa), nuclear factor kappa light chain enhancer of activated B cells (NF-Kb) pathway (17, 18). Adipokines produced in the adipocytes have inverse relationship to fat mass (19, 20), variably effects bone mass (21). Cao et al, found reduced serum bone formation marker osteocalcin (OCN) and increased bone resorption markers, serum C-telopeptide of type I collagen (CTx) and Tartrate-resistant acid phosphatase 5b(TRAP5b) in diet-induced obese mice (22). Furthermore, Jain et al.,studies confirmed that visceral adipose tissue (VAT) is negatively associated with bone mineral density (23). On the other hand, in T2D BMD is normal or above normal,likely protective against vertebral fractures (24), but some studies show reduced BMD (25, 26) due to accumulation of advanced glycation end products (AGEs) (27, 28) increased proinflammatory cytokines such as TNF-a, IL-6 (28, 29) high sclerostin levels (30) leading to reduction in bone formation, OCN (31) and (Procollagen I N-terminal propeptide) P1NP levels in T2DM (31, 32) and impairment in osteoblastogenesis (33–35). There is also reduction in bone resorption markers (CTX and TRAP5b) (28) though bone turnover markers are not as predictive of fractures compared to BMD and maybe difficult to interpret,. Mesenchymal stem cells residents in the bone marrow (BMSCs) are endowed with plasticity and can differentiate into the osteogenic, myogenic or adipogenic lineages depending on the predominant transcription factors present. The enhanced potential of skeletal muscle satellite cells or SMSCs for adipogenic differentiation was observed in diabetic rats using a 3-dimensional matrices in vitro model (36) and from in genetically obese Zucker rats (37). Furthermore, myoblasts isolated from Wnt10b (wingless-type mouse mammary tumor virus integration site) null mice showed increased adipogenic potential (38). Jiang et al. found that PRDM16 (Positive Regulatory Domain Motif -16) over expression could partially reverse the effect of mir-499 on adipogenic differentiation of SMSCs and maybe a target for obesity treatment (39). Therefore, there is a need to fully understand the molecular mechanisms behind this shift along with investigations on common regulatory pathways.




Figure 1 | Schematic proposal of pathophysiology of bone fragility in Obesity and T2DM. Even though underlying mechanisms are unclear, both T2DM and Obesity causes oxidative stress and inflammation. T2DM causes the accumulation of AGEs with increased oxidative stress leading to osteoblast dysfunction and reduced bone formation (i.e. reduced Runx2 and OCN) followed by increasing bone fragility. On the other hand, obesity is associated with increased pro-inflammatory markers and pro-resorptive factors such as RANKL, TRAP5b. However, whether obesity by itself has any effect on osteoblastic function is unclear. Altogether, the above contribute to simultaneous effect on bone tissue homeostasis leading to bone fragility15-21.



Despite the high BMD in obese subjects, these individuals are at increased risk of fractures at nonvertebral skeletal sites (i.e. lower extremities and humerus) (40–42). There are several mechanisms proposed to explain the increased skeletal fragility in obese individuals such as low vitamin D with consequent secondary hyperparathyroidism (43, 44), increased levels of proinflammatory cytokine release from the expanded adipose tissue volume and possibly the high levels of leptin and reduced adiponectin though both have variable effects on the skeleton (44) Low vitamin D is easily corrected clinically but the increase in adipose tissue volume and subsequent proinflammatory state requires more effort (45). Likewise, studies (46–52) have shown that BMD is also higher in patients with T2DM compared to nondiabetic subjects but associated with an increased fracture risk affecting any skeletal site (52, 53). Given that obesity is a risk for T2DM, it would be hard to separate out the effect of obesity from diabetes on the bone. Clinical studies (54–57), including from our group (58, 59) demonstrated suppressed bone formation maker OCN, P1NP (48) and bone resorption marker (CTX) in patients with T2DM. Additionally, Vigevano et al. showed that among obese men, those with concurrent T2DM had higher bone density but reduced bone turnover markers (CTx and OCN) (60) and lower bone strength suggesting that if obesity has a negative effect on the bone, T2DM further adds to the skeletal compromise from obesity alone or that diabetes is the driver for the skeletal phenotype in those who have both. In a study of older women, relative to nonobese without diabetes, those with diabetes but nonobese had a 1.9 risk for vertebral or hip fracture and 1.4 for nonvertebral and non-hip fractures. The corresponding numbers for nondiabetic but obese were 1.2 and 1.1, respectively, while they were 1.5 and 1.8, respectively, for those with both diabetes and obesity (61). Meanwhile, given the clinical observation of increased in bone marrow fat in obesity and diabetes, it is likely that MSCs are involved in the pathology of skeletal fragility seen in in patients with obesity, diabetes or both. This hypothesis was supported by a study from Tencerova et al., which showed that an increase in adipocyte differentiation along with accelerated senescence in BMSCs lead to bone fragility in obese men (62). Thus, pathophysiology of brittle bone in both obesity and T2DM may be attributed as due to the mechanisms discussed below.




1.3 Lack of regulation of brown fat synthesis and/or enhancement of adipogenesis

Differentiation of fat and its control is regulated by transcriptional cascade which can affect the physiological functioning of white and brown adipocytes (63). Normally, the conversion of pre-adipocytes to mature lipid containing adipocytes is a multi-step complex process regulated by transcription factors which can be altered by inflammatory signaling pathways of obesity (64). Of all transcription factors, (PPARg and CEBPa) are the key regulators in driving fat cell differentiation (65, 66). Crucially, PPARγ which is the driving factor for adipogenesis needs co-activation by CEBPa to promote myogenesis (67–69) Cohen et al. (70) found that knock out of PRDM16 resulted in obesity and severe insulin resistance mice fed a high-fat diet (70). Several pre-clinical experiments have confirmed the association of PRDM16 with PGC 1α (71) and PPARγ (72) resulting in activation of the myogenic cascade (73) and BAT formation. Recent human studies have shown positive correlations between BAT volume and bone density (74–76). Nevertheless, PPARy remains the novel target because of its dual role in MSC-derived adipogenesis.as well as HSC-derived osteoclastogenesis (67). Studies of Beekman et al. (77) showed that PPARγ inhibitor, GW9962 has no direct impact on bone marrow adipose tissue (BMAT) in C3H/HeJ mice (77) suggesting that BMAT accumulation might be regulated by a different mechanism. In contrast, another study demonstrated upregulation of sphingosine-1-phosphate (S1P) by S1P lyase, mediated PPARg suppression resulting in enhanced bone formation (78). Similarly, Wnt cascade also plays a significant role in the initiation of adipogenesis in obese people (79, 80). Normally, Wnt ligands bind to one of the frizzled family receptors (FZD) and to a co-receptor low-density lipoprotein receptor-related protein (LRP) to activate β-catenin dependent pathway (canonical signaling) and subsequent bone formation (81, 82). Conversely, Wnt signal transduction seems to be redundant in both obesity (83) and T2DM (84). Previous studies showed a close relationship between upregulation of classical Wnt signaling and enhanced myogenesis and/or osteogenesis (85, 86). In humans, subcutaneous injection of Romosozumab which targets sclerostin (an inhibitor of the Wnt pathway), reduced the risk of vertebral and clinical fractures in women with postmenopausal osteoporosis and hence this drug was approved to treat osteoporosis (87). Thus, attractive therapeutic targets using Wnt-targets, acting on obesity associated genes such as secreted frizzled receptor(Srfp1) and Wnt inhibitory factor (WIF-1) acting on classical Wnt-β catenin pathway are undergoing pre-clinical and clinical trials (81).




1.4 Effect of T2DM and obesity on satellite cells and bone senescence

Sarcopenia which is defined as low muscle mass and function is common in the elderly and is associated with increased falls and fractures (88–93). It can accompany obesity in a significant number of older adults for a condition called sarcopenic obesity resulting in frailty (94). Exercise improved muscle strength and physical function in older adults (95–99) and mice (100). For instance, the Lifestyle Interventions and Independence for Elders (LIFE) study (101) in 424 sedentary older persons showed that engaging in moderate-intensity physical activity (combination of aerobic and resistance) intervention reduced the incidence of major mobility disability with an increase in the Short Physical Performance Battery (SPPB) (102). Similarly weight loss from lifestyle intervention by a combination diet and exercise improves physical function, and ameliorates frailty in obese older adults (103–105). In addition, these studies exercise added to diet resulted in amelioration of muscle and bone loss experienced by those who were on diet alone. Since obesity is a risk factor for T2DM, it is expected that a significant number of obese patients with T2DM also have sarcopenic obesity (106). It is likely that skeletal muscle mass and function relies on muscle progenitor cells cascade including satellite cells, interstitial progenitor cells and hence discovery of novel therapeutic targets to improve muscle mass and function are of utmost importance (107). Although the mechanism leading to impairment of muscle dysfunction in obesity remains unclear, the proinflammatory cytokines present in the muscles such TNFα, IL-6 which are elevated in obesity has been found to be reduced by exercise (108).

Verpoorten et al., showed that cluster of differentiation (CD36) deficient mice although protected from diet-induced obesity, developed impaired satellite cell function and muscle regeneration (109). Apart from adipogenic and inflammatory markers, impairment in fatty acid uptake via CD36 can also affect bone integrity (110). Our recent studies showed that in patients with poorly-controlled T2DM had significantly higher circulating osteogenic precursor cells (COPs) compared to well-controlled diabetics. This could mean that COPs are markers of poor metabolic control or the possibility for uncontrolled hyperglycemia results in retardation of differentiation of COPs into mature osteoblasts (59). Studies from our lab also confirmed, that poor glycemic control over 1year is associated with poor bone microarchitecture and strength in men with T2DM (59, 111). On the other hand, alteration in crucial genes of myogenesis can promote development of osteoprogenitor cells. Studies from Hashimoto et al. (112), showed both primary and immortalized progenitor cells derived from muscle of healthy non-dystrophic woman expressed two osteoblastic specific bone proteins, alkaline phosphatase and Runt-related transcription factor 2 (Runx2) (112). Studies in knock-out mice (113) and other aging studies (114) also showed that Runx2 deficiency resulted in impairment in osteoblastogenesis and depletion for satellite cells. Thus, it is likely that satellite cells and its gene machinery, play significant role on mediating the process of bone repair and thus, can be used as strategy in treatment (115). The next section discusses on the targets to minimize/nullify the inflammatory oxidative stress and enhance osteogenesis.





2 Emerging therapeutic treatment in bone loss of obese and T2DM patients

Currently, there are numerous medications and therapeutic options for the treatment of osteoporosis but not for bone fragility in diabetic or obese patients in particular (116–120). Given this unmet need, understanding the pathways involved in bone disease in these patients will potentially lead to future strategies to prevent fractures.



2.1 Novel therapies -targeting bone formation



2.1.1 Role of PRDM16 in adipo-myogenic shift and osteogenesis

The novel therapeutic strategies that suppress bone marrow adipogenesis and bone resorption and enhanced bone formation deserve further research. Human PRDM16 located on chromosome 1p36 with 370kb, a zinc finger containing transcriptional regulator protein (121), was recently reported to interact with PPARg (122), CEBPa (123) and/or Pgc-1a (124) promote browning of fat. Additionally, Prdm16 represses adipogenesis mediated through its association with C-terminal binding proteins (CtBP-1 and -2) suggesting that PPARy can act as bi-directional switch between adipogenesis and myogenesis through its interaction with multiple proteins (125). Apart from Prdm16 and PPARγ, Pgc1a might act as co-activator and play critical role from adipogenic to myogenic shift. This was suggested by studies from Seo et al., showing reduction in obesity among mice fed a high-fat diet through suppression of adipogenesis by upregulation of Prdm16, Pgc1a and uncoupling protein 1 (UCP1) (126). Furthermore, Kaneda et al., found a synergistic association between Prdm16 and Osteogenic Runx2 gene in Mel1/Prdm16-deficient mice (127). They observed that BMP2 stimulated osteoblasts isolated from Mel1/Prdm16+/- mice are highly stained with alizarin due to extensive calcification and enhanced expression of osteogenic markers such as osteopontin (OPN), OCN when compared to control mice (127). Thus, any ligand inducing a confirmational change in PPARg promoting the dissociation of transcriptional repressors and intake of co-activators (Pgc1a) leading to activation of the myogenic cascade (as described in Figure 2) along with promotion of the osteogenic Runx2 gene might be a novel therapeutic targets. The research on these transcriptional activators needs to be investigated. In the next section, we explore the targets involved in myogenesis and osteogenesis and blocking of adipogenesis.




Figure 2 | Proposed effect of T therapy in Obesity. Binding of testosterone might initiate the PPARγ-Prdm16-Pgc1a complex with retinoid X receptor (RXR) which not only activates the browning of adipose tissue by re-programming but may also activate the myogenic cascade and runx2 gene involved osteogenesis. Thus, T therapy with its activator Prdm16 might be a novel therapeutic target and research on this transcriptional activator needs to be consider.






2.1.2 Stem cell therapy

Obesity and T2DM enhance the recruitment of adipocyte precursors, resulting in fat deposition in the viscera, muscles, and other organs and bone fragility. Hence, it is critical to develop therapies to prevent adipocyte differentiation. Stem cell therapy remains an attractive candidate for tissue engineering (128). Adipose-derived mesenchymal stem cells (AD-MSCs) can exhibit various phenotypes of ecto and endodermal hematopoietic stem cells (HSCs) and mesodermal adipocytes, myocytes and osteocytes (129). Louwen et al. showed that human ASCs from obese patients had reduced capacity for osteogenic lineage differentiation (130, 131). Furthermore, Lee et al., reported that intra-articular injection of adipose derived AD-MSCs in patients with knee osteoarthritis, resulted in functional improvements for 6 months without major adverse effect (131). Thus, AD-MSC transplantation is feasible and can possibly be used to repair areas where osteoblastogenesis and subsequent endogenous bone formation is necessary (131, 132). This therapeutic potential of AD-MSCs depends on understanding the mechanism of differentiation capacity in the BM. In line with this, are over 1000 clinical trials registered with the Clinicaltrials.gov(http://www.Clinicaltrials.gov) which may demonstrate the clinical applications of AD-MSCs against bone fragility (133).




2.1.3 Si RNA and other inhibitors

Targeted drug delivery strategies with reliable, efficient delivery remain crucial for cell-based therapy. Even though the delivery of siRNA to bone is challenging due to limited drug penetration and poor vascular perfusion, siRNAs (Short interfering RNA) play pivotal role than chemical-based studies (134), Previous studies targeting Shn3 (adaptor protein Schnurri-3) gene silencing by genetically engineered BT-Exo-siShn3 novel MSC-derived exosome as carrier, resulted in osteogenesis along with blocking of Receptor activator of nuclear factor kappa-Β ligand/Dickkopf WNT Signaling Pathway Inhibitor 1 (RANKL/DKK-1), thereby inhibiting osteoclastogenesis in mouse MC3T3-E1 pre-osteoblast cell line (135). Liang et al, developed CH6 aptamer–functionalized lipid nanoparticles (LNPs), specifically targeting both rat and human osteoblasts, was found to promote bone formation (136). Due to high stability and non-immunogenicity aptamers, small single stranded oligonucleotides which can form 3D structure, are used in the ongoing clinical trials for their potential use as novel drug therapy targets for osteoporosis (137). Furthermore, in order to overcome the limitations of direct drug delivery, the combination of nanotechnology with bone target agents can provide more effective therapeutic approach in the near future (138).




2.1.4 Testosterone therapy

Testosterone which is an old drug used for treatment of hypogonadism, has been found in recent years to have beneficial effects in both myogenesis and osteogenesis (139). T is well-known to improve BMD and bone quality in men (140–145). Various studies demonstrated that T therapy increased, levels of OCN (146, 147) and reduced levels of CTx (144, 145) (148) In vitro studies showed that 5α-dihydrotestosterone (a potent agonist of androgen receptor synthesized from T by the enzyme 5α-reductase) treatment of bone forming MC3T3-E1 cells not only enhanced osteoblast differentiation (149) but also downregulated bone resorption promoter RANKL (150) in human osteoblastic cells. Furthermore, testosterone administration increased the width of epiphyseal growth plate of growing rats directly (151, 152). Similarly, Chin et al, showed decreased trabecular bone volume and increased trabecular porosity in orchiectomized (ORX) rats when compared to sham-untreated (SH) group. Conversely, T treatment (7mg/kg) for 8weeks in ORX-TE group prevented these changes and decreased expression of RANKL significantly when compared to SH group (153).

Muscle function contributes in some measure to bone mass and testosterone increases muscle mass and function (154). Preclinical studies suggest a critical role of the adipogenic/myogenic/osteogenic switch on the observed effects of T therapy. Using mouse C3H 10T1/2 pluripotent cells, Singh et al, evaluated the effect of T treatment (0-300 nM) on the myogenic/adipogenic conversion by immunocytochemical staining for MyoD and PPARy (155). They found that T not only promotes commitment of SMSCs into the myogenic lineage but also inhibits adipogenic lineage. Apart from the myogenic machinery, Gao et al., further reported that osteoblast differentiation was activated by T therapy in MC3T3-E1 cells through ERK-1/2, activated Runx2 pathway (156). Changes in body composition and bone density with T therapy from our lab and other investigators support the above findings from in-vitro and animal studies (146, 157, 158). Hence, we hypothesize that the reciprocal effect of T therapy on fat mass, lean mass and bone mass is due to the shift in lineage differentiation from adipogenesis to both myogenesis and osteogenesis. Thus, this concept provided a unifying mechanism for the observed effect of T in hypogonadal men. Roles of other gene machinery such as Prdm16. Pgc1a on the adipogenic/myogenic cascade need to be explored. We hypothesize that T therapy activates the trio cascade PPARγ-Prdm16-Pgc1a leading to initiation of the switch from adipogenesis to myogenesis along with promotion of osteogenesis (Figure 2) responsible for the observed positive effect on fat mass, lean mass and bone mass in hypogonadal men (146, 157, 158). The Endocrine Society has suggested the use of T to maintain or prevent loss of lean mass in men with HIV (159). Given the emergence of a substantial amount of data showing the positive effects of T on body composition and bone, it is possible that obesity may become one of the indications for T therapy.






3 Conclusion

Obesity and T2DM are increasing at an alarming rate worldwide. Despite the normal or better than normal BMD, both appear to be associated with increased fracture risk, most especially with T2DM. Though it is difficult to separate the skeletal effects of one from the other, there seems to be more data supporting the negative skeletal effects of T2DM than that of obesity, however, this is a complicated issue that needs further investigation. To date, there is no drug approved specifically to treat skeletal fragility in these patients. Since BMD cannot alone predict the risk of bone fragility, this review explores potential new methods or agents to promote the adipo-myogenic/osteogenic lineage shift which may include but not limited to targeting Prdm16, stem cell therapy, si-RNA inhibitors and repurposing of an old drug, testosterone in the general population of patients with obesity, T2DM or both. With further drug development, it is possible to prevent skeletal fragility and promote overall health in these patients.
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Introduction

Axial spondyloarthritis (axSpA) is a heterogeneous disease that can be represented by radiographic axSpA (r-axSpA) and non-radiographic axSpA (nr-axSpA). This study aimed to evaluate the relationship between the markers of inflammation and bone turnover in r-axSpA patients and nr-axSpA patients.





Methods

A cross-sectional study included 29 r-axSpA patients, 10 nr-axSpA patients, and 20 controls matched for age and sex. Plasma markers related to bone remodeling such as human procollagen type 1 N-terminal propeptide (P1NP), sclerostin, tartrate-resistant acid phosphatase 5b (TRACP5b), receptor activator of nuclear factor kappa B ligand (RANKL), and osteoprotegerin (OPG) were measured by an ELISA kit. A panel of 92 inflammatory molecules was analyzed by proximity extension assay.





Results

R-axSpA patients had decreased plasma levels of P1NP, a marker of bone formation, compared to controls. In addition, r-axSpA patients exhibited decreased plasma levels of sclerostin, an anti-anabolic bone hormone, which would not explain the co-existence of decreased plasma P1NP concentration; however, sclerostin levels could also be influenced by inflammatory processes. Plasma markers of osteoclast activity were similar in all groups. Regarding inflammation-related molecules, nr-axSpA patients showed increased levels of serum interleukin 13 (IL13) as compared with both r-axSpA patients and controls, which may participate in the prevention of inflammation. On the other hand, r-axSpA patients had higher levels of pro-inflammatory molecules compared to controls (i.e., IL6, Oncostatin M, and TNF receptor superfamily member 9). Correlation analysis showed that sclerostin was inversely associated with IL6 and Oncostatin M among others.





Conclusion

Altogether, different inflammatory profiles may play a role in the development of the skeletal features in axSpA patients particularly related to decreased bone formation. The relationship between sclerostin and inflammation and the protective actions of IL13 could be of relevance in the axSpA pathology, which is a topic for further investigation.
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Introduction

Spondyloarthritis (SpA) is a heterogeneous group of chronic inflammatory rheumatic diseases that share common characteristics (1). This group includes several entities, such as the prototype axial spondyloarthritis (axSpA), which is the most frequent phenotype of axSpA, and the radiographic axial SpA (r-axSpA), which affects the axial skeleton and the sacroiliac joints with radiographic changes (1). On the other hand, the non-radiographic axSpA (nr-axSpA) includes patients with suggestive clinical characteristics of axSpA and the presence of bone marrow edema in the sacroiliac joint in magnetic resonance but no radiographic sacroiliitis (2).

In r-axSpA, the pathological process is characterized by disruption of the normal bone homeostasis, i.e., aberrant new bone formation and concomitant bone loss (3). Pathological bone formation, also known as osteoproliferation, produces structural damage to the spine in the form of syndesmophytes. As the disease progresses, these syndesmophytes can fuse the vertebrae, leading to a condition called ankylosis (4).

In contrast, excessive bone loss can result in osteopenia and osteoporosis, which can already be observed at the early stages of the disease. Severe loss of vertebral bone mineral density increased the risk of vertebral fractures, resulting in spinal deformities (5). Bone loss in r-axSpA may be influenced by several factors, including age, disease duration, gender, inflammation, new bone formation, diet, vitamin D levels, and immobility (6).

Inflammation is a key feature of r-axSpA, and it is thought to precede structural damage in affected joints. Therefore, several markers related to inflammation have been evaluated as prognostic biomarkers in axSpA. C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) are two commonly used markers of inflammation in clinical practice. High levels of CRP and ESR have been associated with increased disease activity and also with early radiographic progression in axSpA patients of the German Spondyloarthritis Inception Cohort (GESPIC) (7). Additionally, interleukin 6 (IL6) is a major pro-inflammatory cytokine that stimulates the formation and activity of bone-resorbing osteoclasts in vitro (8), playing a key role in bone disorders such as Paget´s disease (9).

Identifying biomarkers involved in bone metabolism and turnover could improve the management of r-axSpA. Previous studies conducted in axSpA have suggested that those patients who have syndesmophytes exhibited elevated levels of certain bone resorption markers, such as the C-terminal telopeptide fragments of type I collagen (CTX), as well as bone formation markers, such as osteocalcin (OC) and procollagen type I N-terminal peptide (P1NP) (3, 10). In a study conducted by Ruiz Heiland et al., lower serum levels of sclerostin and dickkopf-1 were found to be significantly associated with 2-year radiographic progression of the spine in patients with AS (11). On the other hand, higher serum levels of these Wnt pathway inhibitors were associated with no new syndesmophyte formation in AS (11, 12).

While there is a growing body of evidence indicating abnormal bone metabolism in patients with axSpA, the impact of inflammation on bone metabolism is still largely unknown. Therefore, this study aimed to evaluate the relationship between the markers of inflammation and bone turnover in r-axSpA patients and nr-axSpA patients.





Materials and methods




Population and study design

In this cross-sectional study, 29 r-axSpA patients, 10 nr-axSpA patients, and 20 controls matched for age and sex were included. Eligible patients had to fulfill the Assessment of SpondyloArthritis International Society (ASAS) classification criteria for the classification of axSpA (13). Patients who fulfilled the radiographic criteria established by the Modified New York Criteria were classified as r-axSpA, while those who did not fulfill these criteria were categorized as nr-axSpA (14). The patients belonged to the CASTRO cohort (Cordoba Ankylosing Spondylitis Task Registry and Outcomes) of the Reina Sofia University Hospital (Cordoba, Spain). Controls did not have a clinical history of axSpA or inflammatory diseases, or the presence of symptoms that could be related to an undiagnosed axSpA. The exclusion criteria were pregnancy, malignancies, chronic infections, other rheumatology diseases, extra-articular manifestations [psoriasis, inflammatory bowel disease (IBD), and uveitis], receiving biological disease-modifying antirheumatic drugs or treatment with drugs that could interfere with bone metabolism (bisphosphonates, strontium ranelate, selective estrogen receptor modulators, calcitonin, hormone therapy, denosumab, or teriparatide), and inability to understand the procedures to the protocol. All participants underwent a complete medical history physical examination and clinical chemistry analysis before enrolment. A case report form was used to collect the following clinical data: age, gender, disease duration, human leukocyte antigen (HLA)-B27 status, and current medications.

Disease activity was evaluated by the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) (15), Ankylosing Spondylitis Disease Activity Score (ASDAS; calculated with the CRP) (16), CRP (mg/L), and ESR (mm/h). Spinal mobility and functionality of patients were measured by the Bath Ankylosing Spondylitis Metrology Index (BASMI) (17) and Bath Ankylosing Spondylitis Functionality Index (BASFI) (15), respectively. Structural damage was assessed by the modified stoke Ankylosing Spondylitis Spine Score (mSASSS), which was evaluated by two trained readers (18). Bone mineral density (BMD) was evaluated by dual x-ray absorptiometry (DXA) BMD measurement of the total hip, lumbar, and femoral neck using a DXA LUNAR DPX 8548 BX-1 L densitometer (coefficient of variation < 1%). Exercise was measured using a questionnaire.

All participants provided written informed consent before being included. The study was conducted according to the principles of the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Reina Sofía University Hospital, Córdoba, Spain.





Blood sample collection and assessment of biochemical parameters

Peripheral venous blood samples were collected and processed as previously described (19). Plasma and serum were aliquoted and stored at −80°C for subsequent analysis. Laboratory markers of inflammation (ESR and CRP), the genetic factor human leukocyte antigen (HLA)-B27, lipid profile [total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides], serum glucose, ferritin, calcium, phosphate, 25-hydroxyvitamin D3 (25OH vit D), and parathyroid hormone (PTH) were quantified as part of routine patient management.





Markers related to bone remodeling

To estimate the osteoblastic activity, also referred to as bone formation, human procollagen type 1 N-terminal propeptide (P1NP) quantification was carried out in plasma samples (1:200 dilution) using a commercial ELISA Kit (Cusabio Technology LLC, Houston, TX, USA) following the manufacturer’s instructions. In addition, the plasma levels of sclerostin, an inhibitor of bone formation that blocks the Wnt/β-catenin pathway (20), were also measured with a commercial ELISA kit (Cusabio Technology LLC) as indicated by the manufacturer.

The osteoclastic activity was determined by measuring plasma levels of tartrate-resistant acid phosphatase 5b (TRACP5b) and receptor activator of nuclear factor kappa B ligand (RANKL), both biomarkers of bone resorption. Plasma TRACP5b concentration was determined using ELISA kit (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions. Circulating levels of RANKL were determined in plasma, diluted at 1:5, and then the quantification was performed with a commercial ELISA kit (Cusabio Technology LLC) as indicated by the manufacturer’s instructions. Additionally, the plasma concentration of osteoprotegerin (OPG), an inhibitor of RANKL that prevents osteoclast activity (21), was measured with an ELISA kit (RayBiotech, Peachtree Corners, GA, USA).





Inflammation-related proteins measurement

A panel of 92 inflammatory mediators (Olink target 96 inflammation panel) was evaluated in the serum of all the participants included in the study using the highly specific and sensitive technology proximity extension assay (PEA) (Cobiomic Bioscience, Cordoba, Spain). PEA utilizes a dual-recognition immunoassay in which two matched antibodies labeled with distinct DNA oligonucleotides bind to a target protein in solution. This results in the proximity of the two antibodies, allowing their DNA oligonucleotides to hybridize. Following that, the hybridized oligonucleotides serve as a template for a DNA polymerase-dependent extension step, leading to the creation of a double-stranded DNA “barcode” unique to the specific antigen and quantitatively proportional to the initial concentration of the target protein. The hybridization and extension steps are followed by PCR amplification.





Statistical analysis

A descriptive analysis of the variables was performed and expressed as percentages or as mean ± standard deviation (SD) or median [interquartile range (IQR)], as applicable. The normality of the distribution was assessed using the Kolmogorov–Smirnov test. Multiple comparisons were analyzed by one-way analysis of variance (ANOVA) with the Tukey test as post-hoc analysis for continuous data or by the Kruskal−Wallis test with Dunn multiple‐comparison test for non-normally distributed data. Categorical data were analyzed using Pearson’s chi-square test. Student’s t-test or Mann–Whitney U test was used to calculate differences between groups for numerical variables, and Pearson’s chi-square test was used for categorical variables. Differential protein analysis was performed using R programming language. Data normality and homoscedasticity were checked using base statistical tests from R. Shapiro–Wilk test was used to check the normality of the distribution of values of each molecule per group. Likewise, Levene’s test was used to assess homoscedasticity. The analysis of variance (ANOVA) test was applied to each molecule to detect differential abundance between groups. Post-hoc pairwise t-tests were applied subsequently on each pair of groups to check differences. Afterward, p-values were corrected using the FDR method to reduce the probability of observing type I errors, and fold change was calculated for each molecule. The sensitivity and specificity were evaluated for the most significant biomarkers using Receiver Operating Characteristic (ROC) curves that determine the sensitivity, specificity, and cutoff values. The effect sizes were analyzed using Cohen’s d test. Finally, volcano plots were made using the EnhancedVolcano package (version 1.12.0). The correlations were assessed by Spearman’s rank correlation. Molecules with at least one significative correlation value, depending on the p-value, were selected. Heatmaps were made using the pheatmap package (version 1.0.12). Statistical significance was set at p < 0.05. Statistical analyses and graph editions were performed with SPSS (15.0 version for Windows: SPSS, Chicago, IL, USA), GraphPad Prism 8.0.2 (GraphPad Software Boston, MA, USA), and R (version 4.1.3).






Results




Characteristics of the study population

Table 1 shows the baseline characteristics of r-axSpA and nr-axSpA patients, and controls. Patients with r-axSpA had a larger disease duration compared to nr-axSpA patients (p = 0.024). Moreover, compared with the nr-axSpA and control groups, r-axSpA patients had higher levels of serum CRP (p = 0.003) and a greater frequency of arterial hypertension (p = 0.001). Furthermore, six r-axSpA patients were diagnosed with hyperlipidemia (p = 0.002) and received treatment to control lipid levels; therefore, lipid profiles were similar across the three groups. Regarding the BMD values, nr-axSpA patients displayed a significant decrease in the total hip BMD and femoral neck BMD compared to r-axSpA patients (p = 0.010 and p = 0.012, respectively). Moreover, compared to controls, r-axSpA patients showed a significant decrease in the femoral neck BMD (p = 0.046). No differences were found in terms of disease activity (evaluated with BASDAI and ASDAS), spinal mobility and functionality (measured by BASFI and BASMI), structural damage (mSASSS), HLA-B27 antigen, or treatments received [neither non-steroidal anti-inflammatory drugs (NSAIDs) nor sulfasalazine]. Plasma levels of calcium, phosphate, PTH, and 25-OH-VitD remained similar among all groups. The exercise was similar in these three groups.


Table 1 | Clinical and laboratory parameters of all participants.







Plasma biomarkers of bone turnover in radiographic and non-radiographic axial SpA patients

To investigate whether bone turnover was altered differently in both axSpA patient groups and controls, we measured the levels of well-known bone biomarkers in plasma samples. We found that the circulating levels of the P1NP were significantly decreased (effect size, 0.376) in r-axSpA patients compared to the control group (Figure 1A), indicating lower bone formation; however, no significant differences were observed in the plasma levels of TRACP5b and RANKL, both markers of osteoclast activity (Figures 1B, C, respectively). We also measured OPG plasma concentration (Figure 1D), a decoy receptor that binds to RANKL and prevents interaction with its receptor RANK, and similarly, we did not observe significant differences among the three groups, consistently with similar levels of the RANKL/OPG ratio (Figure 1E). Interestingly, we found a significant reduction in the plasma concentration of sclerostin in r-axSpA patients as compared with controls (Figure 1F), which was not associated with the decrease in plasma P1NP concentration, suggesting that other factors would be involved.




Figure 1 | Plasma bone markers in radiographic and non-radiographic axial SpA patients, and controls. The circulating levels of (A) procollagen type I N-terminal propeptide (P1NP), indicative of osteoblast activity, (B) tartrate-resistant acid phosphatase 5b (TRACP5b), and (C) receptor activator of nuclear factor kappa-B ligand (RANKL), both markers of osteoclast activity, were measured. Additionally, levels of (D) osteoprotegerin (OPG), a RANKL decoy receptor that inhibits osteoclast function, (E) RANKL/OPG ratio, and (F) Sclerostin, an inhibitor of Wnt signaling that modulates bone formation, were also analyzed. Bars represent mean ± standard deviation. Significant differences: *p < 0.05; **p < 0.01.







Analysis of inflammatory-related proteins in patients and controls

The levels of 92 serum inflammatory-related proteins were evaluated in this study. Nr-axSpA patients exhibited significantly increased IL13 levels compared to controls and r-axSpA patients with effect sizes of 0.371 and 0.646, respectively (Figures 2A, C). Compared to r-axSpA patients, controls exhibited significantly decreased levels of IL6, Oncostatin M (OSM), and TNF-receptor named tumor necrosis factor receptor superfamily member 9 (TNFRSF9), with effect sizes of 0.911, 0.629, and 0.266, respectively (Figure 2B).




Figure 2 | Differential protein profile between radiographic and non-radiographic axial SpA patients, and controls. (A) Volcano plot of 92 inflammation-related proteins in controls compared to non-radiographic axial SpA patients. (B) Volcano plot of 92 inflammation-related proteins in controls compared to radiographic axial SpA patients. (C) Volcano plot of 92 inflammation-related proteins in non-radiographic axial SpA patients compared to radiographic axial SpA patients.



Inflammatory-related proteins were divided into five groups based on their functions: CC Chemokines, CXC Chemokines, interleukins (ILs), cell surface molecules and receptors, and other cytokines and proteins. Notably, patients with r-axSpA showed elevated plasma levels of IL6 compared to the control group (4.38±0.876 vs 3.58±0.469, p = 0.003), while nr-axSpA patients did not exhibit a significant increase (Figure 3A). Plasma levels of IL18, IL8, IL33, IL17-A and IL10 remained similar among all groups (Figures 3B–F). Interestingly, nr-axSpA patients showed increased levels of IL13 compared to controls (2.45±0.968 vs 1.97±0.274, p = 0.024) and r-axSpA patients (2.45±0.968 vs 2.07±0.219, p = 0.033; Figure 3G). Furthermore, Oncostatin M (OSM) plasma levels were also slight but significantly increased in r-axSpA patients compared to controls (control 7.80±0.828 vs 7.23±0.627, p=0.012; Figure 3H). No differences were observed in the plasma levels of Monocyte Chemoattractant Protein-1 (MCP-1), CXC Motif Chemokine Ligand 6 (CXCL6), CXCL5 and CXCL1 among groups (Figures 3I–L respectively).




Figure 3 | Proteins associated with inflammation in patients with radiographic and non-radiographic axial spondyloarthritis (axial SpA) and controls. The proteins were categorized based on their functions into different groups: Interleukins, which includes Interleukin 6 (IL6), IL18, IL8, IL33, IL17A, IL10, IL13 and Oncostatin M (OSM), (A–H, respectively); CC chemokines (I), including Monocyte Chemoattractant Protein-1 (MCP1); and CXC chemokines, which includes C-X-C Motif Chemokine Ligand 6 (CXCL6), CXCL5 and CXCL1 (J–L respectively). The bars depict the mean ± standard deviation of normalized protein expression units (NPX) values. Significant differences: *p < 0.05 and **p < 0.01.



Regarding the cell surface molecules and receptors involved in inflammatory processes, the plasma levels of the Cluster of Differentiation 6 (CD6) and Eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) were similar among all groups (Figures 4A, B respectively). However, patients with r-axSpA exhibited a slight but significant increase in the plasma levels of TNFRSF9 compared to controls (6.50±0.420 vs 6.21±0.330, p = 0.014; Figure 4C). No differences were observed in the circulating concentration of Cystatin-D (CST5, Figure 4D). Respect to other cytokines and proteins related to inflammation evaluated in this study, we observed that plasma levels of Hepatocyte Growth Factor (HGF) showed a tendency to increase in r-axSpA patients as compared to control group (p = 0.081, Figure 4E). Sulfotransferase 1A1 (ST1A1) plasma levels were similar among groups (Figure 4F), while the Extracellular Newly identified Receptor for Advanced Glycation End-products binding protein (EN-RAGE) also showed a tendency to increase in r-axSpA patients compared to the control group (p = 0.060, Figure 4G). Plasma levels of Transforming growth factor alpha (TGFα) and Vascular Endothelial Growth Factor A (VEGFA) remained similar in all groups (Figures 4H, I respectively). Of note, r-axSpA patients showed a tendency to increase the plasma levels of tumor necrosis factor β (TNFβ) compared to those with nr-axSpA (p = 0.076, Figure 4J). The circulating levels of Tumor Necrosis Factor Superfamily Member 14 (TNFSF14) and TNF were similar in all groups (Figures 4K, L respectively).




Figure 4 | Proteins related to inflammation in axial spondyloarthritis (axial SpA) patients, both with and without radiographic changes, and controls. The proteins were categorized into different groups based on their functions: cell surface molecules and receptors, including Cluster of Differentiation 6 (CD6), Eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), Tumor Necrosis Factor Receptor Superfamily Member 9 (TNFRSF9), and Cystatin D (CST5), (A–D respectively); or other cytokines and proteins, including Hepatocyte growth factor (HGF), Sulfotransferase 1A1 (ST1A1), Extracellular Newly identified Receptor for Advanced Glycation End-products binding protein (EN-RAGE), Transforming Growth Factor Alpha (TGFα), Vascular Endothelial Growth Factor A (VEGFA), Tumor Necrosis Factor β (TNFβ), Tumor Necrosis Factor Superfamily Member 14 (TNFSF14), and Tumor Necrosis Factor TNF, (E–L, respectively). The bars indicate the mean ± standard deviation of normalized protein expression units (NPX) values. Significant differences: *p < 0.05.







Analysis of inflammatory-related proteins and the bone turnover markers as potential biomarkers of disease in axSpA

To further investigate the potential utility of the inflammatory-related proteins and the bone turnover markers in terms of differentiating the two pathological conditions in axSpA, the sensitivity (S) and specificity (E) of the most relevant molecules in this study were evaluated using the ROC curve. A positive significant relation was found for IL6 (AUC 0.78, 95% CI 0.66–0.91, p = 0.001; S 72%; E 80%), OSM (AUC 0.72, 95% CI 0.57–0.86, p = 0.011; S 69%; E 60%), and TNFRSF9 serum levels (AUC 0.73, 95% CI 0.57–0.86, p = 0.006; S 76%; E 65%) in r-axSpA patients compared to controls (Figure 5A). In addition, a negative significant relation was observed for P1NP plasma levels (AUC 0.75, 95% CI 0.60–0.90, p = 0.003; S 79%; E 65%) in r-axSpA patients compared to controls (Figure 5B). Finally, there was a positive but not significant association in serum IL13 levels in nr-axSpA patients compared to controls (AUC 0.71, 95% CI 0.47–0.95, p = 0.065; S 76%; E 65%; Figure 5C) and in nr-axSpA patients compared to r-axSpA (AUC 0.63, 95% CI 0.40–0.88, p = 0.198; S 70%; E 69%; Figure 5D).




Figure 5 | ROC curve analyses of circulating levels of inflammatory-related proteins and bone turnover markers as potential biomarkers of disease in axSpA. (A) Positive relation of inflammatory-related proteins in r-axSpA patients compared with controls [IL6 (AUC 0.78; p = 0.001), OSM (AUC 0.72; p = 0.011), and TNFRSF9 (AUC 0.73; p = 0.006)]. (B) Negative relation in P1NP in r-axSpA patients compared to controls (AUC 0.75; p = 0.003). (C) Positive relation in IL13 in nr-axSpA patients compared to controls (AUC 0.71; p = 0.065). (D) Positive relation in IL13 in nr-axSpA patients compared to r-axSpA patients (AUC 0.63; p = 0.198). Significant differences **p < 0.01.







Correlation studies between inflammatory-related proteins, bone turnover markers, and bone mineral density

Results from correlation analysis revealed several significant associations between inflammatory proteins, bone turnover markers, and bone mineral density. Specifically, we found that plasma sclerostin concentration was inversely correlated with interleukins (IL6, IL8, IL7, and OSM), CC chemokines (CCL28 and MCP-2), CXC chemokines (CXCL1, CXCL5, and CXCL6), and other cytokines and proteins (VEGFA, SLAMF1, HGF, TNF, EN-RAGE, and TNFSF14), and a positive correlation with surface proteins and receptors (CD6). On the other hand, P1NP was inversely correlated with interleukins (IL8, OSM, and IL18), CC chemokines (CCL11), and other cytokines and proteins (AXIN1, SIRT2, CASP-8, ST1A1, STAMBP, and TNFSF14) (Figure 6). These findings provide further evidence of the crosstalk between bone metabolism and inflammation in the axSpA pathophysiology. Concerning BMD test, lumbar BMD was inversely associated with interleukins (IL1α, IL2, IL20, IL33, and IL5). Femoral neck BMD was inversely correlated with interleukins (IL12B), CXC chemokines (CXCL9 and CX3CL1), surface molecules and receptors (IL22RA1), and other cytokines and proteins [colony-stimulating factor 1 (CSF1), caspase 8 (CASP8), artemin (ARTN), and fibroblast growth factor 5 (FGF5)]. Finally, total hip BMD was also inversely correlated with surface molecules and receptors (IL10RA, IL15RA, IL10RB, and IL22RA1), CXC chemokines (CX3CL1), and other cytokines and proteins [thymic stromal lymphopoietin (TSLP), stem cell factor (SCF), FGF5, beta nerve growth factor (BETA-NGF), ARTN, FMS-like tyrosine kinase 3 ligand (Flt3l), and CASP8] (Supplementary Table 1).




Figure 6 | Heatmap representing correlations between bone remodeling markers and inflammatory-related proteins. Significant differences: *p ≤ 0.05 and **p ≤ 0.01.








Discussion

Our data showed differential inflammatory status and bone remodeling in axSpA patients, as reflected by an augmentation of serum pro-inflammatory cytokines and a decrease in bone formation in r-axSpA patients. Consequently, the inflammatory status of r-axSpA patients may result in altered bone turnover, resulting in decreased bone quality and an increased risk of fractures and deformities (22). These findings found in r-axSpA patients were not observed in nr-axSpA patients, who also did not show any differences in serum bone markers. Of note, nr-axSpA patients had higher levels of serum IL13, which could exert a preventive effect on inflammation (23). These findings may suggest that the differential inflammatory profile could be a primary cause of bone alterations.

We observed that the circulating levels of the P1NP, a bone formation marker (24), were decreased in r-axSpA as compared with the control group, indicating decreased osteoblast activity, whereas nr-axSpA remained similar. These results indicate that, at the systemic level, bone formation is reduced in r-axSpA despite the aberrant new bone formation, which may explain, at least in part, the osteopenia and osteoporosis conditions in these patients (25). No differences among groups were observed in the markers of osteoclast activity, TRACP5b (26) and RANKL (21), as well as in OPG plasma concentration, a decoy receptor for RANKL and inhibiting RANKL-RANK binding through it (27). Consistently, the RANKL/OPG ratio remained similar among the three groups, indicating similar osteoclast activity. As compared with the control group, we observed a significant reduction in plasma sclerostin concentration in r-axSpA patients. It is interesting to note that sclerostin is a well-known inhibitor of osteogenesis, blocking the activation of the canonical Wingless-related integration site (Wnt) pathway, which plays a key role in bone formation (28). Therefore, the lower levels of sclerostin in r-axSpA patients are not in line with the expected decrease in plasma P1NP concentration. However, previous studies have also observed lower levels of sclerostin in patients with r-axSpA, which has been linked to increased structural damage and disease progression in these patients (12, 29). In the same way, Luchetti MM et al. also observed low serum levels of sclerostin in patients with axSpA/IBD. These authors suggested that this reduction in sclerostin levels might contribute to the development of axial joint inflammation (30). Moreover, an association of serum Dickkopf-1(DKK1) levels has been reported, which is also an inhibitor of the Wnt pathway, with BMD values and the prevalence of vertebral fractures, suggesting that DKK1 could also contribute to bone abnormalities in individuals with axSpA (31). Additionally, sclerostin is also associated with other functions such as pro-inflammatory processes (32).

The underlying pathophysiology of axSpA is thought to be driven by inflammation, which results in systemic and local bone loss and local new bone formation (33). Inflammation in this pathology is mediated by pro-inflammatory cytokines, such as IL6, TNF-α, and IL17 (34, 35).

Our data demonstrated an inflammatory profile in r-axSpA, displayed by significantly high concentrations of pro-inflammatory markers in serum such as IL6, OSM, and TNFRSF9 (HGF, EN-RAGE, and TNFβ showed a tendency) as compared to nr-axSpA controls. Some factors could influence the inflammatory profile, such as smoking or exercise, but non-significant differences were observed in our study (36, 37).

Regarding IL6, which is a pleiotropic cytokine produced by various cell types in the context of infection, inflammation, and malignancy, our findings were in line with other works that found elevated IL6 levels in the serum of SpA patients (38, 39). Interestingly, other authors observed that Infliximab treatment decreases IL6 serum levels in patients with ankylosing spondylitis, and this depletion correlated with improvement in disease activity and bone mineral density (40).

In addition, elevated levels of OSM were observed in r-axSpA patients in this study. OSM is a cytokine that belongs to the IL6 family and plays a role in inflammation and bone remodeling. Tsui FWL et al. proposed that both Lipocalin 2 and OSM-associated pathways were involved in axSpA pathogenesis (41). Of note, it has been demonstrated that OSM inhibits sclerostin production in primary murine osteoblasts, also indicating a principal effect of inflammation in the regulation of bone markers (42), as may also occur in r-axSpA patients.

Another inflammatory-related marker increased in r-axSpA patients was TNFRSF9, which is involved in the modulation of inflammation and its dysregulation has been linked to various pathological conditions, including cancer, chronic viral infections, and autoimmune disorders. According to our results, a recent study has observed a high expression of TNFRSF9 in the Treg cells of synovial fluid of SpA patients (43). Whether TNFRSF9 levels in plasma are related to higher TNFRSF9 expression in the Treg cells must be clarified.

ROC curve analysis revealed that serum levels of IL6, OSM, and TNFRSF9 could be used as predictive biomarkers for radiological axSpA progression.

In addition, it has been reported that axSpA patients show high levels of IL17, which might increase bone resorption and compromise bone homeostasis (44). In fact, IL17 inhibitors have been suggested as potential treatments to prevent bone loss (45, 46). Nevertheless, other studies have shown that IL17 can promote increased osteoblastic differentiation, which could potentially contribute to excessive osteogenesis and bone formation (47, 48). This phenomenon may be, at least in part, attributed to the activation of the Janus Kinase (JAK) 2/STAT3 pathway (49). In our study, we did not observe any change regarding serum levels of IL17A and plasma levels of osteoclast activity markers such as RANKL or TRACP5b.

On the other hand, our nr-axSpA patients displayed increased levels of IL13 compared to controls and r-axSpA patients. This cytokine has presented contradictory results in rheumatoid arthritis (RA) patients. Some studies have found upregulated levels of IL13 in serum (50) and other studies did not differ in IL13 levels from the control group (51). IL13 is a component of Th-2-mediated immunity, and it has been proposed that IL13 can downregulate IL23 from antigen-presenting cells or IL17 from T cells, thus blocking IL17-driven inflammation (52). This finding could suggest that cytokines such as IL13, with anti-inflammatory properties, may have the potential to prevent bone alterations. However, further in-depth studies are necessary to clarify these findings. For example, fetuin-A, a mineral metabolism protein, has been proposed as a promising marker in axSpA severity. In this respect, Favero et al. (53) have suggested that fetuin-A levels could be a useful biomarker for identifying axSpA patients with a high risk of developing severe disease and early structural damage.

To additionally explore the relationship between inflammatory markers and bone remodeling markers, we next performed correlation studies and observed an inverse correlation between P1NP and sclerostin with pro-inflammatory markers. Specifically, we found that plasma levels of sclerostin were significantly inversely correlated with serum cytokine levels (IL6 and OSM). A study by Wehmeyer et al. (54) observed that the lack of sclerostin or its inhibition with neutralizing antibodies led to increased activation of pathways involved in inflammatory states in a mouse model of RA, indicating that sclerostin could have a protective effect against TNF-dependent inflammation. Conversely, another study reported that RA patients treated with anti-TNFα showed increased levels of sclerostin (55). A wide range of effects on bone turnover is likely to occur as a result of sclerostin modulation in inflammatory and non-inflammatory conditions. As an example, anti-TNFα agents were shown to increase serum levels of bone formation markers, such as P1NP, and suppress bone resorption markers in RA and SpA (56). These findings suggest that changes in bone biomarkers due to anti-inflammatory therapies are associated with improvements in the disease activity of RA and SpA. Therefore, it would be interesting to comprehensively study other therapies that act on different pathways of inflammation such as IL6, and observe if bone remodeling markers undergo changes that translate into an improvement in patients with r-axSpA.

Even though the number of participants collected in each group is one of the limitations of our study, these individuals were well-phenotyped and many variables have been collected. Additionally, another limitation of our study was the unavailability of trabecular bone score measurements. However, although further studies are required, our results reinforce what has been described in the literature about the relationship between inflammatory markers and bone turnover markers, which could lead to new insights into the pathogenesis of the disease and potential therapeutic targets.





Conclusion

In summary, r-axSpA patients showed decreased bone formation as assessed by lower plasma levels of P1NP. In addition, these patients showed decreased sclerostin levels compared to controls, which were related to the plasma levels of inflammatory cytokines rather than bone formation markers in r-axSpA. Conversely, nr-axSpA patients demonstrated elevated levels of the anti-inflammatory cytokine IL13, suggesting potential protective effects. Further studies are required to elucidate the role of sclerostin in the inflammatory processes in r-axSpA patients and the potential protective actions of IL13 in those lacking radiographic features. While further investigation is required, these findings offer insights that may contribute to identifying novel targets and therapies for patients with axSpA in relation to bone alterations and inflammation.
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BMD cutoff values for

Region of interest Mean (gm/cmz) SD (gm/cmz)

Osteopenia Osteoporosis

Men (n=1149)

Total femur 109 0.15 0.73-0.94 <0.73
Femoral neck 0.97 0.14 0.61-0.83 <0.61
Trochanter 0.82 0.13 0.50-0.69 <0.50
Intertrochanter 128 0.17 0.86-1.11 <0.86

Women (n=1062)

Total femur 0.97 0.13 0.65-0.84 <0.65
Femoral neck 0.89 0.13 0.56-0.76 <0.56
Trochanter 0.72 0.11 0.44-0.61 <0.44
Intertrochanter 114 0.15 0.77-0.99 <0.77

For each of the four regions of interest, low bone density was defined as: (1) osteopenia: a BMD value between 1 standard deviation (SD) and 2.5 SD below the mean of men or women age 20-29 years;
and (2) osteoporasis: a BMD value >2.5 SD below the young reference mean.
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Male, % 5478 (519) 2880 (468) 1190 (54.6) 1408 (632) | <0001 2069 (39.8) 2363 (654) | 1046 (59.9) <0.001

Race/ethnicity, % <0001 | <0.001

Mexican American | 1473 (139) 1009 (164) 241 (11.1) 223 (100) | 799 (154 464 (12.8) 210 (120)

Other Hispanic 913 (86) 625 (102) 160 (7.3) 128 (57) 521 (10.0) 278 (7.7) 114 (65)

w:;:ﬁs"a“ic 5262 (498) 3159 (513) 1017 (467) 1086 (48.7) 2386 (45.8) 2063 (57.1) | 813 (465)

Non-Hispanic |

S 2033 (192) 803 (13.0) 574 (26.3) 656 (294) 932 (17.9) 594 (16.4) 507 (29.0)

Other race 883 (84) 561 (9.1) 187 (8.6) 135 (6.1) 567 (10.9) 213 (5.9) 103 (5.9)

Education level, % <0.001 <0.001

Below high school | 2959 (280) 1444 (23.5) 700 (32.1) 815 (36.6) 1323 (25.4) 979 (27.1) 657 (37.6)

High school 2542 (241) 1334 (217) 586 (26.9) 622 (27.9) 1182 (22.7) 877 (24.3) 183 (27.6)

Above high school | 5063 (47.9) 3379 (54.9) 893 (41.0) 791 (35.5) 2700 (51.9) 1756 (48.6) 607 (347)

Poverty, % 1624 (15.4) 627 (102) 398 (18.3) 599 (269) | <0001 | 676 (13.0) 456 (12.6) 1492 (282) <0.001

Drinking status, % <0.001 <0.001

Nondrinker 2501 (237) 1635 (266) 581 (26.7) 285 (12.8) 1826 (35.1) 166 (12.9) 209 (120

sz‘:’k:m"dm“ 7397 (700) | 4230 (68.7) 1484 (68.1) 1683 (75.5) 3196 (61.4) 2884 (79.8) | 1317 (75.4)

Heavy drinker 666 (63) 292 (4.7) 114 (5.2) 260 (11.7) 183 (3.5) 262 (7.3) 21 (127)

Physical activity, % <0.001 <0.001

Inactive 3276 (310) 1783 (29.0) 728 (33.4) 765 (34.3) 1597 (30.7) 1073 (29.7) 606 (34.7)

Insufficiently active | 3605 (34.1) 2185 (35.5) 733 (33.6) 687 (308) 1761 (33.8) 1304 (36.1) 540 (30.9)

Active 3683 (349) 2189 (356) 718 (33.0) 776 (34.8) 1847 (35.5) 1235 (34.2) 601 (34.4)

Energy intake kel 177675 175750 1759.50 185275 170200 184175 1859.50

Pl [1371.00, [1371.00, [1344.50, (140400, | <0.001 132800, [1425.38, [1409.25, <0.001

2285.00] 2226.00] 2290.50] 2437.62] 2184.00] 2342.12) 2450.00]

HDL-C, mmol/L 1.40 (0.43) 142 (0.42) 138 (0.41) 136 (045) | <0001 144 (0.42) 1.36 (0.41) 137 (0.46) <0.001

f:;;;_ calcium, 9.43 (0.38) 9.4 (0.38) 9.42 (0.37) 9.44 (0.39) 0112 9.43 (0.38) 9.43 (0.38) 9.44 (0.39) 0364

History of

prednisone or 651 (62) 345 (5.6) 142 (6.5) 164 (7.4) 0,009 288 (5.5) 235 (6.5) 128 (7.3) 0.015

cortisone, %

Hypertension, % 5551(525) | 3264 (530) | 1199 (55.0) 1088 (48.8) | <0001 = 2729 (52.4) 2002 (55.4) 820 (46.9) <0.001

Diabetes, % 1990 (18.8) | 1182 (192) 443 (203) 365 (164) | 0.002 974 (18.7) 749 (20.7) 267 (153) <0.001

cvD, % 1919 (182) | 1016 (165) 446 (20.5) 457 (205) | <0001 | 765(147) 810 (22.4) 344 (19.7) <0.001

Cancer, % 1696 (16.1) | 1100 (17.9) 313 (14.4) 283(127) | <0001 787 (15.1) 701 (19.4) 208 (11.9) <0.001

BMD, gm/cm?

Total femur 0.92 (0.16) 0.92 (0.16) 0.94 (0.17) 092(0.17) | <0001 091 (0.16) 0.94 (0.16) 091 (0.17) <0.001

Femoral neck 077 (0.14) 0.76 (0.14) 078 (0.15) 077 (0.14) | <0001 | 076(0.15) 0.7 (0.14) 077 (0.14) <0.001

Trochanter 0.70 (0.14) 0.70 (0.14) 071 (0.15) 069 (0.14) | <0001 | 069 (0.14) 0.72 (0.14) 0,69 (0.14) <0.001

Intertrochanter 110 (0.20) 1.09 (0.19) 112 (0.20) 110 (020) | <0001 109 (0.20) 112 (0.19) 109 (0.20) <0.001

Osteoporosis, % 1106 (10.5) 657 (10.7) 190 (8.7) 259 (116) | 0005 546 (10.5) 356 (9.9) 204 (11.7) 0.124

Osteopenia, % 6927 (656)  4105(667) | 1330 (6L0) 1492 (67.0) | <0001 = 3373 (64.8) 2375 (65.8) | 1179 (67.5) 0.119

Normally distributed continuous variables are described as means + SEs, and continuous variables without a normal distribution are presented as medians [interquartile ranges]. Categorical variables
are presented as numbers (percentages). HDL-C, high-density lipoprotein cholesterol; CVD, cardiovascular disease; BMD, bone mineral density.
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Model 1 was adjusted as age, sex, and races
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Model 2 was adjusted as model 1 plus education level, drinking status, poverty, physical activity, and total energy intake.
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The study was performed at Beijing Chaoyang
hospital, Capital medical university between April
2018 and May 2022

Inclusion criteria:
1. Age>18 years
2. Admitted to ICU

Sample size:

1. Calculated by Stata/MP 16.0

2. Minimum sample size of each
group was 9.

A\

Exclusion criteria:

1. Pregnant and lying-in woman

2. Patients with nerve, brain or bone injury

3. Patients with metabolic and immune diseases, such as
systemic lupus erythematosus, polymyositis and Sjogren’s
syndrome

4. patients treated with long-term glucocorticoid therapy

5. Patients receiving bone injury surgery, such as craniotomy,
sternotomy, thoracoplasty

6. Patients with bone tumors, such as Osteosarcoma,
osteochondroma, bone metastasis

7. Patients with osteoarthritis, rheumatoid arthritis, bone
nonunion or fracture healing stage

8. Patients with insufficient serum samples and unable to
complete the detection of serum bone homeostasis indicators

9. Patients loss of visit

10. Patients who did not meet the inclusion criteria.

88 patients were screened

|

Sepsis: 45 patients

|

Non-sepsis: 43 patients

|

Sepsis shock: 19 patients

Sepsis: 26 patients
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Exposure Data source (PMID) Sample

Homocysteine (SD of log PMID: 23824729
transformed)
Vitamin B12 (SD of quantile PMID: 23754956
transformed)

Folate (SD of quantile

transformed)

Vitamin B6 (SD) PMID: 19303062

Outcomes Data source (PMID)

Forearm BMD (SD) The GEFOS Consortium

Femoral neck BMD (SD) (26367794)

Lumbar spine BMD (SD)

Heel BMD (SD) The UK Biobank study
(UKB, 28869591)

Total body BMD (SD) The GEFOS Consortium

Total body BMD of age 0-15 (SD)  (29304378)

Total body BMD of age 15-30
(SD)

Total body BMD of age 30-45
(SD)

Total body BMD of age 45-60
(SD)

Total body BMD of age over 60
(SD)

Confounders Data source (PMID)
Years education attained (SD) SSGAC (30038396)

Smoking Heaviness (SD of GSCAN (30643251)
cigarettes per day)

Alcohol (SD of log transformed
drinks per week)

size
44,147
45,576
37,465

1864

Sample
size

8,143
32,735
28,498
142,487

66,628
11,807
4,180

10,062
18,805
22,504
Sample
size
766,345

337,334

941,280

%European

100

100

100

%European

100

100

86

%European
100

100

Covariates adjusted in research

Age and sex and principal components in individual studies where
applicable

Age, year of birth, sex and the first principal component

Not reported
Covariates adjusted in GWAS

Age, age’, sex, and weight

Genotyping array, age, sex, and the first four ancestry principal
components

Age, weight, height, and genomic principal components, as well as any
additional study-specific covariates

Covariates adjusted in research

Sex, birth year, their interaction, and 10 principal components of the
genetic relatedness matrix

Age, sex, age x sex interaction, and the first 10 genetic principle
components

BMD, bone mineral density; GEFOS, GEnetic Factors for OSteoporosis Consortium; GSCAN, GWAS and Sequencing Consortium of Alcohol and Nicotine use; SSGAC, Social Science
Genetic Association Consortium; the summary-level data utilized in this study can be downloaded from the GWAS Catalog (https://www.ebi.ac.uk/gwas/) and Neale Lab (http:/www.

nealelab.is/uk-biobank).
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*Statistically significant P-value.
MR, Mendelian randomization; TB-BMD, total body bone mineral density; OA, osteoarthritis; SNP, single nucleotide polymorphism; IVW, inverse variance weighted; WM, weighted median.
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Variables Pt1l Pt2 Pt3 Pt4 Pt5-1 Pt5-2

PHP type 1b la b 1b / /
(epi)genetic GOM at GNAS-NESP GNAS: Exonl: GOM at GNAS-NESP GOM at GNAS-NESP / /
data* LOM at GNAS-XL, GNAS-AS1, €.1247G>A LOM at GNAS-XL, GNAS-AS1, ~ LOM at GNAS-XL, GNAS-ASI,
GNAS-A/B GNAS-A/B GNAS-A/B
Onset age (y) 28 9 9 3 12 12
Onset symptom none convulsion convulsion convulsion muscle muscle
cramp cramp

Biochemical indices at the first visit®

Serum Ca 145 1.62 1.65 1.93 1.80 1.80
(mmol/L)

Tonized Ca 0.74 / / 0.86 0.68 0.68
(mmol/L)

Serum P 177 2.04 172 1.88 2.10 2.10
(mmol/L)

Serum PTH 334.6 188.2 314 731 518 518
(pg/ml)

24hUCa 0.44 / 1.28 1 1.55 1.55
(mmol)
Complications

Cataract = / = + / /

Renal stones = / = & = =

Intracranial + f + + + i

calcification

Subclinical + + + + + +
hypothyroidism
Levothyroxine 50 82.14 107.14 67.5 50 0
(hg/day)”
Pregnant age (y) 32 29 24 27 2 27
Pregnancy outcome
Full-term N Y Y ¥ Y Y
delivery”
C-section Y Y Y Y b2 Y
Birth weight 2250/ 3000/ 3600/ 3500/ 3600/ 4300/
(g/SD) -0.75 0.21 109 0.82 0.64 297
Neonatal normal / / normal normal normal
serum Ca
Lactation period 0 / 2 0 12 9
(m)

Pt, patient; PHP, pseudohypoparathyroidism; GOM, gain of methylation; LOM, loss of methylation; Ca, calcium; P, phosphorus; PTH, parathyroid hormone; UCa, urine calcium excretion;
C-section, Cesarean section; N, no; Y, yes; y, year; m, month.

/, data unavailable; -, negative; +, positive.

*Patients 1-4 did not have heterozygous deletions at the STX16 gene.

*Biochemical indices at the first visit time in our clinic.

“Levothyroxine dosage at the last visit time during the third trimester.

“Full-term delivery was defined as gestation period equal to or more than 37 weeks.

Normal reference ranges for indices: serum Ca, 2.13-2.70 mmol/L; ionized Ca, 1.08-1.28 mmol/L; serum P, 0.81-1.45 mmol/L; serum PTH, 13-65 pg/ml; 24hUCa, <7.5 mmol.
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Prepregnancy* During pregnancy” Postdelivery®(9 m)
First trimester Second trimester Third trimester

Indices SCa 24hUCa PTH SCa 24hUCa PTH SCa 24hUCa PTH SCa 24hUCa PTH SCa 24hUCa PTH

Pt 1 225 249 97.5 214 / 82.7 221 3.79 59.4 / 4.71 / 234 4.10 130.4
Pt 2 / / / 1.28 / 202 1.98 10.66 57.9 1.97 7.09 75.7 / / /

Pt 3 247 395 19 236 4.50 1275 231 2.90 18.9 232 4.41 / 221 235 93.8
Pt 4 2.19 371 281 223 5.67 349 223 4.35 353 230 6.91 25.6 231 8.51 88.8
Pt 5-1 212 232 / / / / 2.06 2.07 / 2.09 237 90.3 2.16 1.82 156
Pt 5-2 232 547 70.4 2.17 348 50.8 2.07 6.90 77.8 212 4.00 66.5 227 437 236.8

Pt, patient; SCa, serum calcium (mmol/L); PTH, parathyroid hormone (pg/ml); 24hUCa, 24-h urinary calcium excretion (mmol); m, month.

/, data unavailable.

*Serum calcium, 24-h urinary calcium excretion, and serum PTH level at the last visit time before pregnancy.

* Average value of serum calcium, 24-h urinary calcium excretion, and serum PTH level during the three trimesters: the first trimester was before week 13; the second trimester was week 13
to week 27; the third trimester was week 28 to delivery.

*Average value of serum calcium, 24-h urinary calcium excretion, and serum PTH level within 9 months after delivery.

Normal reference ranges for indices: serum Ca, 2.13-2.70 mmol/L; serum PTH, 13-65 pg/ml; 24hUCa, <7.5 mmol.
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Exposure/Outcome Sample Size Web Source First Author Consortium Population
TB-BMD 56,284 http://www.gefos.org/ Medina C GEFOS 2018 ‘ European
Knee OA 403,124 https://gwas.mrcieu.ac.uk/ Tachmazidou I = 2019 European
Hip OA 393,873 https://gwas.mrcieu.ac.uk/ Tachmazidou I - 2019 ‘ European

‘TB-BMD, total body bone mineral density; OA, osteoarthritis; GEFOS, the GEnetic Factors for OSteoporosis.





OPS/images/fendo.2022.1037546/fendo-13-1037546-g001.jpg
DH-folate
TH-folate

/Methionine

S-adenosylmethionine

Dimethylglycine
MS

BHMT

Betaine

S-adenosylhomocysteine

\

CBS

Vitamin B12
5,10-MTH-folate

Vitamin B6

Cystathionine
CTH || Vitamin B6

Cysteine

5-MTH-folate






OPS/images/fmed-09-1017411/fmed-09-1017411-g006.jpg
Survival rate (%)

Survival rate (%)

100

D

90

85

80

100 |-
98 |-
96 |-
94 -
2 |
90 |-
88 |-
86 |-

84 |

CTX-I+TRACP-5b+PIEZO1
— <0.47227
e A

10

15

Time (d)

CTX-I+TRACP-5b+PIEZO1
<0.20767
— >0.20767

10

Time (d)





OPS/images/fendo.2022.1037546/fendo-13-1037546-g002.jpg
Assumption 2

Genetic variants are not associated with
either known or unknown confounders

Assumption 1

Genetic variants are associated with

Confounders

B vitamins / Hcy levels

Outcomes
——— | BMD in different body
regions and age strata

Instrumental variable Risk factors
B vitamins and Hcy variants B vitamins and Hcy

By o oy o o o — o— — —— p— — — -

Assumption 3

Genetic variants affect BMD through B vitamins / Hey, not

through other pathways

GWAS datasets Pleiotropy analyses MR analyses

* Hcy, vitamin B12, vitamin B6 and folate  PhenoScanner V2 e IVW
GWAS datasets * Heterogeneity test » Weighted median
e The UK Biobank, and the GEFOS . MR-Egger intercept test . MR-Egger
Consortium * MR-PRESSO test * MR-PRESSO

e SSGAC and GSCAN e Leave-one-out analysis e Multivariable MR





OPS/images/fmed-09-1017411/fmed-09-1017411-t001.jpg
Age (years)

Sex

Female

Male

BMI (kg/m?)
APACHE II score
SOFA score
Combination diseases
Hypertension

DM

CHD

COPD

CLD

CKD

CVD

ARDS

AKI

Hepatic failure

DIC

Postoperative patient
Operation time (h)
IBL

Intraoperative fluid balance
Mechanical ventilation (h)
ICU stay (h)

Hospital stay (h)
30-day mortality (%)

*Jonckheere-Terpstra test.
b Chi-square test.

€One-way ANOVA (unpaired, two-tailed).

Sepsis shock (n =

67 (20)

7
12
23.72+£5.11
16 (10)
703)

—
—_

RW W RO NS O W W

18
3.09 (2.19)
175 (275)
2,450 (1,005)
26.5 (24.75)
97 (89.25)
421 (667.5)
21.05

19) Sepsis (n = 26)

68 (16)

9
17
22.824+3.72
11.5(5.25)
3(3)

[T R U =TT SR, B N

—_

25
2.25(4.87)
50 (350)
1,925 (1,727.5)
13 (6.25)
48.5 (59.75)
387.5 (588.25)
3.85

Non-sepsis (n = 43)

70 (14)

2
21
24.49 +3.58
10 (4)
1)

S © © o wun

43
3.67(1.92)
100 (150)
1,750 (760)
3.33(12)
24(21)
432 (268)
0

P-value

0.43*

0.33°
0.33"
0.25¢
<0.01*
<0.012

0.57°
0.70°
0.95"
0.30
0.59"
0.14b
0.07"
0.12>
0.04>
0.04>
0.11°
0.36"
0.22°
0.322
0.02?
<0.01*
<0.012
0.78°
<0.01°

BMI, body mass index; APACHE II, acute physiology and chronic health evaluation II; SOFA, sequential organ failure assessment; DM, diabetes mellitus; CHD, coronary heart disease;

COPD, chronic obstructive pulmonary disease; CLD, chronic liver disease; CKD, chronic kidney disease; CVD, cerebrovascular disease; ARDS, acute respiratory distress syndrome; AKI,

acute kidney injury; DIC, disseminated intravascular coagulation; IBL, intraoperative blood loss.
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Indices

Pt 1
Pt 2
Pt 3
Pt 4
Pt 5-1
Pt 5-2

Prepregnancy*

Ca  Active Plain
(mg/ D(ug/ DU/
day) day) day)

800 0.875 0

/ / /

1200 1.036 0
1200 025 4,2800
1200 025 3,7500
1,200 125 0

First trimester

Ca
(mg/
day)

800
600
1,200
1,200
/
1,200

Active

D(ng/
day)

0.875
0
0.75
0.375
/
1.25

Plain
D(IU/
day)

0
200
0
4,2800
/

0

During pregnancy”

Second trimester

Ca
(mg/
day)

800
1,800
1,200
1,200
1,200
1,200

Active

D(ug/
day)

0.875
0.75
0.625
0.688
0.25
1.25

Plain
D(IU/
day)

0
1,000
0
2,1400
3,0000
0

Pt, patient; Ca, elemental calcium dosage; Active D, calcitriol dosage; Plain D, calciferol/cholecalciferol dosage.
“Drug dosage at the last visit time before pregnancy.
“Average drug dosage during the three trimesters: the first trimester was before week 13; the second trimester was week 13 to week 27; the third trimester was week 28 to delivery.
S Average drug dosage within 9 months after delivery.

Third trimester

Ca
(mg/
day)

/
1,800
1,200
1,200
1,200
1,200

Active

D(pg/
day)

1.00
0.5

0.5
15

Plain
D(IU/
day)

/
1,667
0
0
3,0000
0

Ca
(mg/
day)

800
/
1,200
1,200
1,200
1,200

Postdelivery®

(9 months)
Active Plain
D(png/ DU/

day)  day)
0875 0
/ /
0625 0
025 0

05 3,4300
0.92 0
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PH

PaCO2 (mmHg)
HCO3- (mmol/L)
Lactic acid (mmol/L)
White blood cell (x 10°/L)
Hemoglobin (g/L)
Creatinine (mol/L)
ALT (U/L)

AST (U/L)

BNP (pg/ml)
Albumin (g/L)
CTX-I (ng/ml)
TRACP-5b (mIU/ml)
PIEZO1 (ng/ml)

*Jonckheere-Terpstra test.

bOne-way ANOVA (unpaired, two-tailed).

Sepsis shock (n=19)

7.42 (0.10)
37 (9.0)
254 (6.3)
250 (2.60)
9.80 (10.50)
99.58 & 24.11
65.60 (34.40)
30.00 (63.00)
48.00 (105.00)
103.00 (148.00)
2530 (9.60)
5.85 (7.02)
256 (3.00)
937 (29.09)

Sepsis (n = 26)

7.425 (0.10)
36.5(7.5)
23.75 (3.45)
1.20 (1.57)
10.10 (8.40)
102.88 = 15.38
66.20 (30.90)
30.50 (42.50)
54,50 (63.25)
75.50 (71.75)
28.40 (6.30)
4.11(5.29)
2.39 (1.88)
5.60 (14.52)

Non-sepsis (n = 43)

7.45(0.12)
36 (9)
2520 (2.70)
1.00 (0.70)
8.09 (5.10)
109.21 = 15.40
55.80 (23.30)
14.00 (16.00)
21.00 (14.00)
51.00 (85.00)
31.80 (6.20)
3.84 (4.54)
1.75 (1.45)
4.60 (6.12)

P-value

0.03*
0.29%
0.232
<0.01*
0.042
0.11°
0.21*
<0.01*
<0.01*
0.02%
<0.01*
<0.01*
<0.017
0.022

ALT, alanine aminotransferase; AST, aspartate transaminase; BNP, B-type natriuretic peptide; CTX-, cross-linked carboxy-terminal telopeptide of type I collagen; TRACP-5b, tartrate-

resistant acid phosphatase 5b; PIEZO1, piezo-type mechanosensitive ion channel component 1.





OPS/images/fendo.2022.1037546/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.1021083/crossmark.jpg
©

2

i

|





OPS/images/fendo.2024.1227196/fendo-15-1227196-g006.jpg
0.4
0.2
0
-0.2
-0.4

*

*

c
“—
N
@)
—
©
0
o
KN
o
KN
EN
KN
K
i
*
N
X
i
£ 3
i
*
i
X
o
*





OPS/images/fendo.2024.1227196/table1.jpg
Variable Controls (n = 20) nr-axSpA (n = 10) r-axSpA (n = 29)

Clinical parameters

Age, years, mean (SD) 47.35 + 10.98 38.10 + 10.06 46.93 £ 13.09 0.104
Female sex, n (%) 8 (40) 2 (20) 13 (44.82) 0.379
Smoking 0.055
Never smoked, n (%) 9 (45) 4 (40) 9 (31.03)
Exsmoker, n (%) 5(25) 4 (40) 8(27.58)
Active smoker, n (%) 0 (0) 2 (20) 12 (41.37)
Arterial hypertension, n (%) 2 (10) 0(0) 6 (20.68) *° 0.001

Hyperlipidemia, n (%) 1(5) 1(10) 6(20.68) * 0.002

Exercise 0.553
Never or hardly ever, n (%) 3(30) 14/24 (58.3)
1-4 times/week, n (%) 5 (50) 8/23 (33.3)
>4 times/week, 1 (%) 2(20) 2/24 (8.3)

BASDAI, median (IQR) - 2.30 (1.45-5.30) 3.80 (2.00-4.65) 0.530
ASDAS, mean + SD = 2.09 £ 077 243 £0.96 0.334
BASMI, mean + SD - 2.18 £ 1.08 322 +1.83 0.102
BASFI, median (IQR) - 1.90 (0.20-4.17) 3.40 (1.50-5.50) 0.281

mSASSS, median (IQR) - 5.50 (2.75-8.25) 9.00 (3.00-22.00) 0.100

Total hip BMD, g/cmz, mean + SD 1.02 £ 0.15 0.88 + 0.12 1.03 £ 0.11° 0.032
Femoral neck BMD, g/cm®, mean + SD 1.01 + 0.13 0.86 + 0.09 0.98 £ 0.12 a® 0.017
Lumbar BMD, g/cm?, mean = SD 111 +0.14 1.06 + 0.17 L11 £0.17 0.475
Disease duration, years, median (IQR) = 5.00 (2.75-17.25) 19.00 (8.00-31.00) 0.024

Laboratory parameters

HLA-B27, n (%) - 8 (80) 22 (75.86) 0.652

CRP, mg/dL, median (IQR) 0.58 (0.50-3.47) 1.46 (0.12-5.14) 5.81 (2.85-10.19) * 0.003

ESR, mm/h, median (IQR) 5.00 (3.00-10.00) 4.00 (4.00-6.00) 4.00 (3.50-6.50) 0.743

Total cholesterol, mg/dL, mean + SD 197.66 + 24.37 185.55 + 25.76 185.73 +27.72 0.498

LDL, mg/dL, mean + SD 119.11 + 2581 111.00 + 32.93 110.00 + 25.26 0.690

HDL, mg/dL, mean + SD 54.66 + 20.06 54.22 + 19.38 57.30 £ 11.73 0.843

Tryglicerides, mg/dL, median (IQR) 109.00 (64.00-173.00) 91.00 (61.50-146.50) 79.00 (59.00-101.00) 0.409

Glucose, mg/dL, mean + SD 81.88 + 6.37 86.66 + 5.93 82.40 + 13.06 0.551

Ferritin, ng/mL, mean + SD 118.57 + 111.74 130.88 + 71.75 81.60 + 69.62 0.264

Corrected calcium for total protein, mg/dL, median (IQR) 9.50 (9.20-9.80) 9.20 (9.10-9.40) 9.30 (9.20-9.40) 0.127

Phosphate, mg/dL, median (IQR) 3.10 (2.70-3.15) 2.70 (2.50-3.25) 3.10 (2.70-3.80) 0.312

250H vit D, ng/mL, median (IQR) 11.33 (9.43-16.60) 15.91 (13.58-18.58) 15.47 (11.60-20.70) 0.399

PTH, pg/mL, median (IQR) 40.50 (38.35-57.85) 48.20 (37.85-77.40) 38.20 (22.90-64.80) 0.361
Treatments

NSAIDs (%) = 8 (80) 24 (82.75) 0.764

Sulfasalazine (%) - 0(0) 2(6.89) 0.394

ASDAS, Ankylosing Spondylitis Disease Activity Score; BASDAL Bath Ankylosing Spondylitis Disease Activity Index; BASFL, Bath Ankylosing Spondylitis Functionality Index; BASMI, Bath
Ankylosing Spondylitis Metrology Index; BMD, bone mineral density; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HDL, high-density lipoprotein; HLA, human leukocyte
antigen; IQR, interquartile range; LDL, low-density lipoprotein; mSASSS, modified Stoke Ankylosing Spondylitis Spine Score; nr-axSpA, non-radiographic axial spondyloarthritis; NSAIDs, non-
steroidal anti-inflammatory drugs; PTH, parathyroid hormone; r-axSpA, radiographic axial spondyloarthritis; SD, standard deviation; 250H vit D, 25-hydroxyvitamin D®. Differences between
groups; p < 0.05 vs. control; °p < 0.05 vs. nr-axSpA.
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12 months ALN use compared
with Placebo

12 months anti-resorptives use
compared with baseline

12 months BP use compared
with baseline

Denosumab use compared with
baseline

Parathyroidectomy compared

with baseline

12 months ALN use compared
with baseline

24 months ALN use compared
with baseline

Parameters

Lumbar spine
BMD

Femur neck
BMD

PTH

Calcium (Ca)

Phosphate

OCN

BALP

Lumbar spine
BMD

Femur neck
BMD

Total hip
BMD

Distal radius

BMD

PTH

Calcium

Phosphate

Total BMD

Lumbar spine
BMD

Femur neck

PTH

Calcium

Phosphate

Osteocalcin

BALP

CTX-I
(6months)

Lumbar spine
BMD

Femur neck
BMD

Lumbar spine
BMD

PTH

Lumbar spine
BMD

Femur neck

BMD

Distal radius

PTH

Calcium

Phosphate

Osteocalcin

BALP

Lumbar spine
BMD

Femur neck
BMD

PTH

Calcium

Bold values were used for drawing conclusion.

Heterogeneity
analysis

1.892

2.538

11.574

32.902

12.232

35212

31.008

8.880

5.748

0.261

0.097

24.599

18.785

10.834

1.774

0.622

23.808

17.753

10.296

10.967

12.372

30.992

3.526

2.664

4.550

28.090

1.701

0.622

0.048

5.620

14.201

9.732

10.967

2.394

2.057

0.164

6.091

21.064

p-
value

0.756

0.638

0.041

0.000

0.007

0.000

0.000

0.448

0.675

0.967

0.992

0.003

0.009

0.094

0.776

0.971

0.996

0.002

0.007
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0.012
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0.000

0.172

0.264
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0.000
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0.996
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0.012
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0.358
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0.000
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75474
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0.000
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0.000
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24937

56.045
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0.000
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69.175

72.645

16475
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A

Model  Study name Groups Statistics for each study $td diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossinietal, 2001 ALN 0247 0394 0155 -0524 1019 0628 0.530
Parkeretal, 2002 ALN 0255 0358 0.128 -0.446 0956 0713 0476
Chowetal,2003 ~ ALN 0214 0317 0.101 -0.408 0836 0675 0.500
Khanetal, 2004 ~ ALN 0293 0331 0109 -0.355 0941 0886 0.376
Cesareoetal, 2015 ALN 0822 0380 0.145 0.077 1567 2161 0.031
Fixed 0350 0158 0.025 0.041 065 2219 0.027 <o
Random 0350 0158 0025 0041 0659 2219 0027 <>
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
B Model  Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossinietal, 2001 ALN 0820 0408 0167 0019 1620 2007 0045
Parkeretal, 2002 ALN 0201 0360 0.130 -0506 0907 0557 0578
Chowetal, 2003 ~ ALN 1501 0358 0128 0799 2202 4.192 0.000
Khanetal, 2004 ~ ALN 0798 0342 0117 0120 1468 2336 0019
Akbabaetal,2013 ALN 0242 0430 0.185 -0600 1084 0563 0573
Cesareoetal, 2015 ALN 0000 0365 0133 -0716 0716 0.000 1.000
Fixed 0612 0153 0023 0313 0911 4014 0.000 P
Random 0602 0233 0054 0.145 1059 2583 0.010
200 100 0.00 1.00 2.00
PTH decrease PTH increase
Model  Study name Groups. Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossinietal, 2001 ALN 0030 0392 0.154 -0739 0798 0076 0940
Parkeretal, 2002 ALN 1187 0386 0149 0430 1.943 3075 0002
Chowetal,2003 ~ ALN -1767 0373 0.139 -2498 1036 -4739 0.000
Knanetal, 2004 ~ ALN -0780 0341 0.116 -1.449 .0.111 -2286 0.022
Akbabaetal, 2013 ALN 0556 0436  0.190 -1411 0299 -1275 0.202
Fixed 0414 0171 0029 -0.749 -0.079 -2422 0015
Random 0381 0492 0242 -1.345 0.583 -0.774 0439
-2.00 -1.00 0.00 1.00 2.00
Ca decrease Caincrease
D
Model Study name Groups Statistics for each study Std diff in means and 95% CI
stddiff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossini etal, 2001 ALN  -1663 0455 0207 -2555 -0.771 -3655 0.000 *
Parker etal,, 2002  ALN -2.157 0.447 0200 -3033 -1281 -4827 0000 B
Chowetal,2003 AN -6765 0820 0672 -8372 -5.159 -8252 0.000
Fixed 2552 0207 0.083 -3.134 -1.970 -8.588  0.000 *
Random 1.236 1.527 -5.844

-8.00 -4.00 0.00 4.00 8.00

BALP decrease BALP increase
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Model Study name Groups

Grigorie et al., 2014 Denosumab

Leere etal., 2020 Denosumab

Miyaoka et al.,2020 Denosumab
Fixed Pooled

Random Pooled

Statistics for each study

Std diff Standard Lower Upper

Std diff in means and 95% CI

inmeans error Variance limit limit Z-Value p-Value
0.298 0.537 0.289 -0.755 1.352 0.555 0.579
0.556 0.360 0.130 -0.150 1.262 1.543 0.123
1.333 0.359 0.129 0.630 2.036 3.717 0.000
0.828 0.230 0.053 0.378 1.278 3.603 0.000
0.793 0.313 0.098 0.179 1.407 2532 0.011
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase

Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit 2Z-Value p-Value
Grigorie et al.,2014 Denosumab 0.220 0.536 0.287 -0.830 1.271 0.411 0.681
Leere etal., 2020 Denosumab 0.277 0.355 0.126 -0.419 0.974 0.781 0435
Miyaoka et al.,2020 Denosumab 1.000 0.344 0.118 0.326 1674 2.906 0.004
Fixed Pooled 0.575 0.224 0.050 0.135 1.015 2561 0.010
Random Pooled 0.559 0.264 0.070 0.042 1.077 2.118 0.034
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% ClI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Horiuchi et al., 2002 PTX 0.594 0.401 0.161 -0.191 1.380 1.483 0.138
Szymczak etal., 2013 PTX 0.351 0.248 0.062 -0.135 0.837 1414 0.157
Choe et al., 2022 PTX 1.200 0.314 0.098 0.586 1.815 3.828 0.000
Fixed Pooled 0.662 0.175 0.031 0.319 1.005 3.781 0.000
Random Pooled 0.700 0.275 0.075 0.162 1.238 2549 0.011
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Horiuchi et al., 2002 PTX -6.836 1.026 1.053 -8.847 -4.826 -6.663 0.000
Szymczak et al., 2013 PTX -1.249 0.269 0.072 -1.776 -0.721 -4640 0.000 .
Choe et al., 2022 PTX -1.369 0.321 0.103 -1.997 -0.740 -4.268 0.000 -.-
Fixed Pooled -1.513 0.202 0.041 -1.909 -1.117 -7.487 0.000 .
Random Pooled -2.723 0.890 0.791 -4.466 -0.980 -3.061 0.002
-8.00 -4.00 0.00 4.00 8.00

PTH decrease PTH increase
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Model Study name

inmeans error Variance Ilimit limit 2Z-Value p-Value
Rossini et al., 2001 ALN 0.659 0.403 0.162 -0.130 1.448 1636 0.102
Parker et al., 2002 ALN 1.203 0.411 0.169 0.398 2008 2928 0.003
Khan et al., 2004 ALN 0.447 0.337 0.114 -0.214 1.109 1325 0.185
Fixed 0.724 0.219 0.048 0295 1.153 3.309 0.001
Random 0.726 0.222 0.049 0.290 1.161 3.267  0.001
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance Ilimit limit 2Z-Value p-Value
Rossini et al., 2001 ALN 0.197 0.393 0.155 -0.573 0.968 0.502 0.616
Parker et al., 2002 ALN 0.401 0.382 0.146 -0.347 1.149 1.050 0.294
Khan et al., 2004 ALN 0.233 0.334 0.112 -0.423 0.888 0696 0.486
Fixed 0.274 0.212 0.045 -0.141 0690 1.295 0.195
Random 0.274 0.212 0.045 -0.141 0.690 1.295 0.195
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Valuep-Value
Rossini etal., 2001 ALN 0.312 0.395 0.156 -0.462 1.085 0.790 0.429
Parker et al.,, 2002  ALN 0.879 0.433 0.188 0.030 1.728 2.030 0.042
Khan et al., 2004 ALN  -0.443 0.337 0.114 -1.105 0.218 -1.314 0.189
Fixed 0.136 0.221 0.049 -0.296 0.569 0.617 0.537
Random 0.213 0.3%0 0.152 -0.551 0.977 0.547 0.585
-2.00 -1.00 0.00 1.00 2.00
PTH decrease PTH increase
Model Study name  Groups Statistics for each stud Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Valuep-Value
Rossini et al., 2001 ALN 0.163 0.393 0.154 -0.607 0.933 0414 0.679
Parker etal., 2002 ALN 0.820 0.431 0.185 -0.024 1.664 1.904 0.057
Khan et al., 2004 ALN  -1.697 0.389  0.151 -2.459 -0.935 -4.366 0.000
Fixed -0.311 0.233 0.054 -0.767 0.145 -1.339 0.181
Random -0.245 0.756  0.572 -1.728 1.237 -0.325 0.746
-2.00 -1.00 0.00 1.00 2.00
Ca decrease Ca increase

Groups
Std diff Standard

Statistics for each study

Lower Upper

Std diff in means and 95% CI
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Number of
patients

Parameters  Duration of drug

administration

Age (Mean+SD) years/
Gender

Baseline Mean (SD)

After drug
administration
Mean (SD)

Reference

PTH (pMol/L) | 12 months Placebo= 13 Placebo=74+4/ F Placebo=15.50 (2.80) Placebo=13.49 (3.58) Rossini et al.
ALN= 13 ALN=72+5/F ALN=14.40 (5.20) ALN=16.56 (6.24) (14)
EHDP= 9 EHDP=76.3+5.2/F EHDP=8.42 (0.97) EHDP=11.88 (1.11) Horiuchi
PTX= 13 PTX=76.8+10.1/F PTX=10.15 (1.11) PTX=1.82 (1.32) etal. (15)
Placebo= 18 Placebo= 63.4: 2.02/ Placebo=10.74 (2.10) Placebo=11.84 (1.52) Parker et al.
ALN= 14 ALN= 69.6+ 291/ ALN= 10.37 (1.84) ALN= 12,199 (2.01) 16)

F=27 & M=5
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo=24.20 (15.10) Placebo=24.29 (2.86) Chow et al.
ALN= 20 ALN= 68.2+ 9.7/F ALN=19.90 (12.40) ALN= 24.28 (2.87) 17)
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo=15.43 (1.41) Placebo=15.51 (2.57) Khan et al.
ALN= 18 F=13 ALN=17.31 (4.20) ALN=21.12 (6.16) (18)
ALN=63.73+9.36/ M=3, F=15
Neridronate Neridronate IV=64+8/F Neridronate IV=16.60 Neridronate IV=18.04 Rossini et al.
V=54 (11) (11.69) (14
Placebo= 10 Placebo=63.2+8.3/F Placebo=17.1 (6.50) Placebo=18.1 (5.75) Akbaba et al.
ALN= 12 ALN=69.4+6.3/F ALN= 11.8 (3.35) ALN=14 (4.20) (19)
ALN= 33 F=60, M=3 ALN=14.98 (6.24) ALN=16.36 (6.84) Szymezak
PTX= 33 54 post-menopausal, 6 pre- PTX=23.89 (21.66) PTX=4.65 (2.40) et al. (20)
‘menopausal
Placebo= 15 Placebo=57+5/F Placebo=10.60 (1.30) Placebo=11 (1.40) Cesareo
ALN= 15 ALN=59+5/F ALN=11.20 (2.10) ALN=11 (1.30) etal. (19)
Placebo= 15 Placebo=68-0 +1.8/ M=3, Placebo=11.16 (6.66) Placebo=10.97 (9.33) Leere et al.
Denosumab= Denosumab= 65-4+2.2/ M: Denosumab=12.95 (9.92)  Denosumab=13.51 (8.00)  (21)
16 F=13
PTX= 24 PTX= 61.4+9.8/ M=7, F=17 PTX= 24.37 (20.39) PTX= 4.37 (3.34) Choe et al.
(22)

24 months Placebo= 13 Placebo=74+4/ F Placebo=15.50 (2.80) Placebo=16.34 (3.28) Rossini et al.
ALN= 13 ALN=72+5/F ALN= 14.40 (5.20) ALN= 16.27 (6.71) (23)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo=10.74 (2.10) Placebo=12.45 (1.94) Parker et al.
ALN= 14 ALN= 69.6% 291/ ALN=10.37 ALN=11.93 (16)

After 24 F=27 & M=5 (1.84) (1.69)
months
Placebo= 13
ALN= 10
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo=15.43 (1.41) ALN=15.67 Khan et al.
ALN= 18 F=13 ALN=17.31 (4.20) (3.12) (18)
ALN=63.73+9.36/ M=3, F=15
Neridronate Neridronate IV=64+8/F Neridronate IV=16.60 Neridronate 1V=26.30 Rossini et al.
V=54 (11) (11.98) 14)
Calcium 12 months Placebo= 13 Placebo=74+4/ F Placebo= 2.73 (0.08) Placebo= 2.70 (0.08) Rossini et al.
(mMol/L) ALN= 13 ALN=72+5/F ALN= 2.75 ALN=2.70 (23)
(0.10) (0.10)
EHDP= 9 EHDP=76.3+5.2/F EHDP=2.71 (0.13) EHDP= 2.58 (0.13) Horiuchi
PTX= 13 PTX=76.8+10.1/F PTX=2.76 PTX= 239 etal. (15)
(0.18) (0.13)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 2.82 (0.08) Placebo= 2.78 (0.08) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN=2.84 ALN=2.87 (16)
F=27 & M=5 (0.07) (0.07)
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo= 2.81 (0.16) Placebo= 2.83 (0.04) Chow et al.
ALN= 20 ALN= 68.2+ 9.7/F ALN=282 ALN=2.75 17)
(0.18) (0.05)
Placebo= 19 Khan et al.
ALN= 18 @a8)
Placebo=70.09+10.36/M=6, Placebo= 2.64 (0.03) Placebo= 2.67 (0.05)
F=13 ALN= 2.68 ALN= 2.64
ALN=63.73+9.36/ M=3, F=15 (0.03) (0.02)
Neridronate IV Neridronate IV=64+8/F Neridronate IV = 2.68 Neridronate IV = 2.64 Rossini et al.
=54 (0.15) (0.15) (14)
Placebo= 10 Placebo=63.2+8.3/F Placebo= 2.78 (0.13) Placebo= 2.75 (0.16) Akbaba et al.
ALN= 12 ALN=69.4£6.3/F ALN= 2.80 ALN= 2.68 (19)
(0.14) (0.11)
Placebo= 15 Placebo=68-0 +1-8/ M=3, F=12 Placebo= 2.71 (0.15) Placebo= 2.72 (0.12) Leere et al.
Denosumab= Denosumab= 65-4+2.2/ M=3, Denosumab= 2.72 (0.36) Denosumab= 2.68 (0.24) @1)
16 F=13
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX= 2.80 PTX=2.25 Choe et al.
(0.60) (0.15) (22)
24 months Placebo= 13 Placebo=74+4/ F Placebo= 2.73 (0.08) Placebo= 2.73 (0.08) Rossini et al.
ALN=13 ALN=72+5/F ALN= 275 ALN=2.77 (23)
(0.10) (0.10)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 2.82 (0.08) Placebo= 2.69 (0.07) Parker et al.
ALN= 14 ALN= 69.6+ 291/ ALN= 2.84 ALN=2.89 (16)
After 24 F=27 & M=5 (0.07) (0.03)
months
Placebo= 13
ALN= 10
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 2.64 (0.03) ALN=2.62 (0.04) Khan et al.
ALN= 18 F=13 ALN= 2,68 18)
ALN=63.73+9.36/ M=3, F=15 (0.03)
Neridronate IV Neridronate IV=64+8/F Neridronate IV = 2.68 Neridronate IV = 2.68 Rossini et al.
=54 (0.15) (0.15) (14)
Phosphate 12 months Placebo= 13 Placebo=74+4/ F Placebo= 2.60 (0.50) Placebo= 2.69 (0.62) Rossini et al.
(mg/dL) ALN= 13 ALN=7245/F ALN= 2.90 ALN= 291 (23)
(0.60) (0.66)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 2.35 (0.13) Placebo= 223 (0.13) Parker et al.
ALN= 14 ALN= 69.6x 291/ ALN= 226 ALN=1.92 (16)
F=27 & M=5 (0.23) (023)
Neridronate IV Neridronate IV=64+8/F Neridronate IV = 2.6 Neridronate IV = 2.48 Rossini et al.
=54 (0.4) (0.40) 14)
Placebo= 10 Placebo=63.2+8.3/F Placebo= 2.70 (0.20) Placebo= 2.60 (0.35) Akbaba et al.
ALN= 12 ALN=69.4£6.3/F ALN=2.80 ALN=2.50 (19)
(0.45) (0.18)
Placebo= 15 Placebo=57+5/F Placebo= 3.90 (0.30) Placebo= 3.70 (0.40) Cesareo
ALN= 15 ALN=59+5/F ALN= 3.80 ALN= 3.80 etal. (24)
(0.20) (0.30)
Placebo= 15 Placebo=68-0 +1-8/ M=3, Placebo= 2.45 (0.09) Placebo= 2.57 (0.15) Leere et al.
Denosumab= Denosumab= 65-4+2-2/ M: Denosumab= 2.38 (0.74) Denosumab= 2.29 (0.87) @1
16 F=13
Denosumab= Denosumab=71.8 + 7.1/ M=2, Denosumab= 3.20 (0.50) Denosumab= 3 (0.60) Miyaoka
19 F=17 etal. (25)
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX=25 PTX=3.2 Choe et al.
0.7) 0.5) (22)
24 months Placebo= 13 Placebo=74+4/ F Placebo= 2.60 (0.50) Placebo= 2.61 (0.62) Rossini et al.
ALN= 13 ALN=7245/F ALN= 2.90 ALN= 294 (23)
(0.60) (0.66)
Placebo= 18 Parker et al.
ALN= 14 (16)
After 24 Placebo= 63.4+ 2.02/ Placebo= 2.35 (0.13) Placebo= 2.20 (0.11)
months ALN= 69.6x 2.91/ ALN= 226 ALN= 235
Placebo= 13 F=27 & M=5 0.23) (0.20)
ALN= 10
Neridronate IV Neridronate IV=64+8/F Neridronate IV = 2.6 Neridronate IV = 2.57 Rossini et al.
=54 0.4) (0.40) (14)
Osteocalcin 12 months Placebo= 13 Placebo=74+4/ F Placebo= 3.60 (1.60) Placebo= 3.67 (1.67) Rossini et al.
(ng/mL) ALN=13 ALN=72%5/F ALN= 4.10 ALN=281 (23)
(1.30) (1.35)
Placebo= 18 Placebo= 63.4 2.02/ Placebo= 9.52 (1.40) Placebo= 7.38 (1.53) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN= 6.98 ALN= 4.06 (16)
F=27 & M=5 (1.40) (1.44)
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo= 43.60 (28.5) Placebo= 46.59 (7.86) Chow et al.
ALN=20 ALN= 68.2+ 9.7/F ALN= 53 ALN= 26.96 (432) a7
(28.90)
ALN=33 F=60, M=3 ALN= 31 ALN= 26.05 (11.40) Szymczak
PTX= 33 54 post-menopausal, 6 pre- (13.90) PTX= 16.50 (5.80) etal. (20)
menopausal PTX= 61.90 (75.70)
24 months Placebo= 13 Placebo=74+4/ F Placebo= 3.60 (1.60) Placebo= 3.45 (1.68) Rossini et al.
ALN= 13 ALN=72+5/F ALN= 4.10 ALN= 2.65 (23)
(1.30) (1.36)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 9.52 (1.40) Placebo= 8.01 (1.04) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN= 6.98 ALN= 6.44 (16)
After 24 F=27 & M=5 (1.40) (1.26)
months
Placebo= 13
ALN= 10

BALP(U/L) 12 months Placebo= 13 Placebo=74+4/ F Placebo= 43 Placebo= 45 (9.45) Rossini et al.

ALN= 13 ALN=72+5/F ©) ALN=26.57 (12.5) (14)

ALN= 42

(12)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 136.53 (22.32) Placebo= 113.38 (22.27) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN= 147.59 (40.97) ALN= 58.08 (39.18) (16)

F=27 & M=5
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo= 21.80 (15.9) Placebo= 23.38 (3.23) Chow et al.
ALN= 20 ALN= 68.2+ 9.7/F ALN= 21.10 (12.8) ALN=7.26 17)
(0.96)

Neridronate IV Neridronate IV=64+8/F Neridronate IV = 35 (14) Neridronate IV = 25.86 Rossini et al.
=54 (14.67) (14)

24 months Placebo= 13 Placebo=74+4/ F Placebo= 43 Placebo= 43.69 (9.43) Rossini et al.

ALN= 13 ALN=72+5/F ) ALN= 2542 (12.5) (23)
ALN= 42
(12)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 136.53 (22.32) Placebo= 123.17 (11.57) Parker et al.
ALN= 14 ALN= 69.6% 2.91/ ALN= 147.59 (40.97) ALN= 80.95 (30) (16)
After 24 F=27 & M=5
months
Placebo= 13
ALN= 10
Neridronate IV Neridronate IV=64+8/F Neridronate IV = 35 (14) Neridronate IV = 29.18 Rossini et al.
=54 (14.74) 14)

CTX-T (ng/ 6 months Neridronate IV Neridronate IV=64+8/F Neridronate IV = 0.74 Neridronate IV = 0.47 Rossini et al.

mL) =54 (0.39) (0.42) (14)
Placebo= 15 Placebo=57+5/F Cesareo
AIN= 15 ALN=59+5/F etal. (24)

Placebo= 0.70 (0.10) Placebo= 0.69 (0.10)
ALN= 0.60 ALN=0.29
(0.10) (0.05)
ALN= 33 F=60, M=3 ALN= 4.90 ALN= 4.55 Szymczak
PTX= 33 54 post-menopausal, 6 pre- (2.03) (1.74) etal. (20)
menopausal PTX=5.77 PTX= 3.58
(4.5) (1.19)

12 months Neridronate IV Neridronate IV=64+8/F Neridronate IV = 0.74 Neridronate IV = 045 Rossini et al.

=54 (0.39) (0.42) 14)
ALN= 33 F=60, M=3 ALN= 490 ALN= 4.21 Szymczak
PTX= 33 54 post-menopausal, 6 pre- (2.03) (1.58) et al. (20)
menopausal PTX=5.77 PTX=3.70
(4.5) (1.68)
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX=1.08 PTX= 020 Choe et al.
(0.91) (0.14) 22)

24 months Neridronate IV Neridronate IV=64:+8/F Neridronate IV = 0.74 Neridronate IV = 0.38 Rossini et al.
=54 (0.39) (0.41) (14)

BMD (g/em®) 12 months Placebo= 13 Placebo=74+4/ F Placebo= 0.82 (0.10) Placebo= 0.81 (0.10) Rossini et al.

‘Whole body ALN= 13 ALN=72+5/F ALN= 0.82 ALN=0.83 (23)

(0.06) (0.06)
EHDP= 9 EHDP=76.3+5.2/F EHDP= 141 (0.23) EHDP= 1.53 (0.20) Horiuchi
PTX= 13 PTX=76.8+10.1/F PTX= 1.52 PTX= 157 etal. (15)
(0.26) (032)
ALN= 33 F=60, M=3 ALN= 1.00 ALN= 1.02 Szymczak
PTX= 33 54 post-menopausal, 6 pre- (0.10) (0.12) etal. (20)
menopausal PTX=0.92 PTX= 0962
(0.10) 0.1)

24 months Placebo= 13 Placebo=74+4/ F Placebo= 0.82 (0.10) Placebo= 0.80 (0.09) Rossini et al.

ALN= 13 ALN=72%5/F ALN= 0.82 ALN=0.83 (23)
(0.06) (0.06)
Lumbar spine 12 months Placebo= 13 Placebo=74+4/ F Placebo= 0.73 (0.07) Placebo= 0.74 (0.07) Rossini et al.
ALN= 13 ALN=72+5/F ALN=0.70 ALN=0.75 (23)
(0.09) (0.09)
EHDP= 9 EHDP=76.3£5.2/F EHDP= 0.62 (0.11) EHDP= 0.68 (0.15) Horiuchi
PTX= 13 PTX=76.8+10.1/F PTX= 0.69 PTX= 0.83 etal. (15)
(0.21) (0.23)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 0.92 (0.08) Placebo= 0.95 (0.04) Parker et al.
ALN= 14 ALN= 69.6+ 291/ ALN= 076 ALN=0.81 (16)
F=27 & M=5 0.07) 0.11)
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo= 0.71 (0.15) Placebo= 0.71 (0.15) Chow et al.
ALN= 20 ALN= 68.2+ 9.7/F ALN=0.71 ALN=0.74 17)
(0.12) 0.12)
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.83 (0.13) Placebo= 0.83 (0.14) Khan et al.
ALN= 18 F=13 ALN=0.76 ALN= 0.80 18)
ALN=63.73+9.36/ M=3, F=15 (0.11) 0.12)
Placebo= 10 Placebo=63.2+8.3/F ALN= 057 ALN= 0.61 Akbaba et al.
ALN= 12 ALN=69.4+6.3/F (0.13) (0.12) (19)
ALN= 33 F=60, M=3 ALN= 1.02 ALN= 1.04 Szymczak
PTX= 33 54 post-menopausal, 6 pre- (0.17) (0.22) et al. (20)
menopausal PTX= 0.93 (0.20) PTX= 099
(0.15)
Denosumab=7  Denosumab= 69.8 (range 62 - Denosumab= 0.79 (0.11) Denosumab= 0.82 (0.13) Grigorie et
81)/ Gender not given (6 months) al. (26)
Placebo= 15 Placebo=57+5/F Placebo= 0.77 (0.07) Placebo= 0.76 (0.07) Cesareo
ALN= 15 ALN=59+5/F ALN= 0.78 ALN= 0.81 etal. (24)
(0.07) (0.07)
Placebo= 15 Placebo=68.0 1.8/ M=3, F=12  Denosumab= 0.83 (0.02) Denosumab= 0.88 (0.12) Leere et al.
Denosumab= Denosumab= 65-4+2.2/ M=3, @1)
16 F=13
Denosumab= Denosumab=71.8 + 7.1/ M=2, Denosumab= 0.73 (0.03) Denosumab= 0.77 (0.03) Miyaoka
19 F=17 etal. (25)
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX= 0.76 PTX=0.89 Choe et al.
(0.08) (0.12) (22)

24 months Placebo= 13 Placebo=74+4/ F Placebo= 0.73 (0.07) Placebo= 0.73 (0.07) Rossini et al.

ALN= 13 ALN=7245/F ALN= 0.70 ALN=0.76 (23)
(0.09) (0.09)

Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 0.92 (0.08) Placebo= 0.96 (0.08) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN= 0.76 (0.07) ALN= 0.85 (0.07) (16)

F=27 & M=5
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.83 (0.13) ALN=0.81 Khan et al.
ALN= 18 F=13 ALN= 0.76 (0.12) 18)

ALN=63.73+9.36/ M=3, F=15 (0.11)

Femoral neck 12 months Placebo= 13 Placebo=74+4/ F Placebo= 0.55 (0.04) Placebo= 0.55 (0.04) Rossini et al.

ALN= 13 ALN=72+5/F ALN= 0.58 ALN= 0.59 (23)
(0.06) (0.06)
Placebo= 18 Placebo= 63.4+ 2.02/ Placebo= 0.70 (0.04) Placebo= 0.69 (0.08) Parker et al.
ALN= 14 ALN= 69.6+ 2.91/ ALN= 0.52 ALN= 0.54 (16)
F=27 & M=5 (0.07) (0.04)
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo= 0.54 (0.12) Placebo= 0.54 (0.12) Chow et al.
ALN= 20 ALN= 682+ 9.7/F ALN= 0.54 ALN= 0.54 17)
(0.11) (0.11)
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.62 (0.12) Placebo= 0.61 (0.12) Khan et al.
ALN= 18 F=13 ALN= 0.59 ALN= 0.61 (18)
ALN=63.73+9.36/ M=3, F=15 (0.10) (0.10)
Placebo= 10 Placebo=63.2+8.3/F ALN= 0.74 ALN=0.77 Akbaba et al.
ALN= 12 ALN=69.46.3/F ©0.1) (0.08) (19)
ALN= 33 F=60, M=3 ALN= 0.81 ALN=0.83 Szymczak
PTX=33 54 post-menopausal, 6 pre- (0.12) (0.13) etal. (20)
menopausal PTX= 0.75 PTX=0.79
(0.10) (0.11)
Denosumab=7  Denosumab= 69.8 (range 62 - Denosumab= 0.68 (0.07) Denosumab= 0.69 (0.06) Grigorie et
81)/ Gender not given al. (26)
Placebo= 15 Placebo=57+5/F Placebo= 0.64 (0.08) Placebo= 0.63 (0.08) Cesareo
ALN= 15 ALN=59+5/F ALN= 0.62 ALN= 0.64 etal. (24)
(0.10) (0.09)
Placebo= 15 Placebo=68-0 +1-8/ M=3, F=12 Denosumab= 0.64 (0.08) Denosumab= 0.67 (0.11) Leere et al.
Denosumab= Denosumab= 65-4+2:2/ M=3, 1)
16 F=13
Denosumab= Denosumab=71.8 + 7.1/ M=2, Denosumab= 0.51 (0.02) Denosumab= 0.53 (0.02) Miyaoka
19 F=17 etal. (25)
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX= 0.68 PTX=0.77 Choe et al.
(0.10) (0.12) (22)

24 months Placebo= 13 Placebo=74+4/ F Placebo= 0.55 (0.04) Placebo= 0.55 (0.04) Rossini et al.

ALN= 13 ALN=7245/F ALN= 0.58 ALN= 0.59 (23)
(0.06) (0.06)

Placebo= 18 Placebo= 63.4: 2.02/ Placebo= 0.70 (0.04) Placebo= 0.69 (0.04) Parker et al.
ALN= 14 ALN= 69.6+ 291/ ALN= 0.52 ALN= 0.55 (16)

F=27 & M=5 (0.07) 0.07)
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.62 (0.12) ALN= 0.62 (0.10) Khan et al.
ALN= 18 F=13 ALN= 059 (18)

ALN=63.73+9.36/ M=3, F=15 (0.10)

Total hip 12 months Placebo= 13 Placebo=74+4/ F Placebo= 0.57 (0.08) Placebo= 0.56 (0.08) Rossini et al.

ALN= 13 ALN=7245/F ALN= 0.61 ALN= 0.63 (23)
(0.07) (0.07)
Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.72 (0.14) Placebo= 0.72 (0.14) Khan et al.
ALN= 18 F=13 ALN= 0.67 ALN=0.70 (18)
ALN=63.73+9.36/ M=3, F=15 (0.14) (0.14)
Placebo= 15 Placebo=68-0 +1-8/ M=3, Denosumab= 0.78 (0.08) Denosumab= 0.82 (0.11) Leere et al.
Denosumab= Denosumab= 65-4+2.2/ M: @1)
16 F=13
Denosumab= Denosumab=71.8 + 7.1/ M=2, Denosumab= 0.63 (0.02) Denosumab= 0.64 (0.03) Miyaoka
19 F=17 etal. (25)
PTX=24 PTX= 61.4+9.8/ M=7, F=17 PTX=0.71 PTX= 0.80 Choe et al.
(0.12) (0.13) (22)
Placebo= 20 Placebo= 71.8+ 8.8/F Placebo=0.49 (0.09) Placebo= 0.49 (0.09) Chow et al.
ALN= 20 ALN= 682+ 9.7/F ALN=0.47 (0.08) ALN= 0.47 (0.08) a7)
Distal radius 12 months Placebo= 19 Placebo=70.09+10.36/M=6, Placebo= 0.55 (0.12) Placebo= 0.55 (0.12) Khan et al.
(1/3) ALN= 18 F=13 ALN= 0.52 ALN= 0.52 18)
ALN=63.73+9.36/ M=3, F=15 (0.11) (0.12)
Placebo= 10 Placebo=63.2+8.3/F ALN= 0.72 ALN= 0.69 Akbaba et al.
ALN= 12 ALN=69.4+6.3/F (0.18) (0.61) (19)
Placebo= 15 Placebo=68-0 1.8/ M=3, F=12 Denosumab= 0.57 (0.08) Denosumab= 0.58 (0.10) Leere et al.
Denosumab= Denosumab= 65-4+2.2/ M=3, @1)
16 F=13

#F, female; M, male; ALN, alendronate; EHDP, etidronate; PTX, parathyroidectomy.
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A
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Model Study name Groups
Rossini et al., 2001 BP
Horiuchi et al., 2002 BP
Parker et al., 2002 BP
Chow et al., 2003 BP
Khan et al., 2004 BP
Akbaba et al., 2013 BP
Szymczak etal.,, 2013  BP
Cesareo et al., 2015 BP

Leere etal, 2020 Denosumab
Miyaoka et al., 2020 Denosumab

Statistics for each study

Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
0.547 0399 0.160 -0.236 1.330 1.369 0.171
0.454 0.477 0.228 -0.482 1.390 0.951 0.342
0.524 0.384 0.148 -0.229 1278 1.364 0.173
0.225 0317  0.101 -0.397 0.847 0709 0478
0.327 033  0.113 -0.331 0.985 0.975 0.330
0.328 0.411 0.169 -0.478 1.133 0.797 0425
0.113 0.246  0.061 -0.370 0.596 0.459 0.646
0.524 0.371 0.138 -0.204 1.252 1.411 0.158
0.556 0.360 0.130 -0.150 1.262 1.543 0.123
1.333 0359 _ 0.129 0630 2.036 3.717 0.000

Std diff in means and 95% CI

Fixed 0447 0111 0012 0.230 0.664__4.031__0.000 L 2
Random 0.447 0.111 0.012 0230 0664 4.031 0.000 ’
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossini et al., 2001 BP 0.183 0.393  0.154 -0.587 0.954 0467 0.641
Parker et al., 2002 BP 0.338 0.381 0.145 -0.408 1.084 0888 0.374
Chow et al., 2003 BP -0.008 0316  0.100 -0.628 0611 -0.026 0.979
Khan et al., 2004 BP 0.137 0334 0.111 -0.517 0791 0411 0681
Akbaba et al., 2013 BP 0.298 0.411 0.169 -0.506 1.103 0.726 0.468
Szymczak et al., 2013 BP 0.168 0247 0.061 -0.315 0651 0681 0.49
Cesareo et al., 2015 BP 0.182 0.366 0.134 -0.535 0899 0497 0619
Leere etal., 2020 Denosumab  0.277 0355 0.126 -0419 0974 0781 0435
Miyaoka et al., 2020 Denosumab 1.000 0.344 0118 0326 1674 2906 0.004
Fixed 0.270 0.113 0.013 0.049 0491 2392 0.017 ’
Random 0.270 0.113  0.013 0.049 0491 2392 0.017 ‘
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit 2Z-Value p-Value
Rossini et al., 2001 BP 0.376 0.396 0.157 -0.399 1.152 0.950 0.342
Horiuchi et al., 2002 BP 3.326 0.728 0.530 1.900 4.753 4.571 0.000
Parker et al., 2002 BP 0.953 0.399 0.159 0.171 1735 2390 0.017 +
Chow et al., 2003 BP 0.488 0.321 0.103 -0.141 1.117 1520 0.129
Khan et al., 2004 BP 0.723 0.344 0.118 0048 1.397 2101 0.036
Rossini et al., 2011 BP 0.127 0.193 0.037 -0.251 0.504 0659 0510
Akbaba et al., 2013 BP 0.579 0.417 0.174 -0238 1.39% 1.390 0.165
Szymczak etal., 2013  BP 0.211 0.247 0.061 -0.273 0.695 0.854 0.393
Cesareo et al., 2015 BP -0.115 0.365 0.134 -0.831 0602 -0.313 0754
Leereetal, 2020 Denosumab  0.062 0354 0125 -0631 0755 0.176 0.861
Fixed 0.363 0.101 0.010 0.165 0.562 3.585  0.000 .
Random ©
-2.00 0.00 2.00 4.00
PTH decrease PTH increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit 2-Value p-Value
Rossini et al., 2001 BP -0.513 0.399 0.159 -1.294 0268 -1.287 0.198
Horiuchi et al., 2002 BP -1.020 0.417 0.174 -1.837 -0.203 -2446 0014
Parker et al., 2002 BP 0.401 0.382 0.146 -0.347 1.149 1.050 0.294
Chow et al., 2003 BP -0.530 0.322 0.104 -1.160 0.101 -1.647  0.100
Khan et al., 2004 BP -1.569 0.381 0.145 -2.316 -0.822 -4.116 0.000
Rossini et al., 2011 BP -0.262 0.193 0.037 -0641 0.117 -1.355 0.176
Akbaba et al., 2013 BP -0.982 0.432 0.187 -1.829 -0.135 -2272 0.023
Leere etal, 2020 Denosumab  -0.131 0.354 0.125 -0.824 0563 -0.369 0.712

Fixed
Random

-0.471

0.696 -0.245 -4.092

0.000

1.00 2.00

Ca increase

Ca decrease
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A

Model Study name Groups Statistics for sach st $td diff in means and 95% C

Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value

Rossini et al., 2001 BP 0547 0399 0160 -0.236 1330 1.369 0.171

Horiuchietal, 2002~ BP 0454 0477 0228 -0.482 1390 0951 0342

Parker et al., 2002 BP 0524 0384 0.148 -0229 1278 1.364 0.173

Chow et al., 2003 BP 0225 0317 0.401 -0.397 0847 0709 0478

Khan et al., 2004 BP 0327 033 0.113 -0.331 0985 0975 0.330

Akbaba et al., 2013 BP 0328 0411 0169 -0478 1.133 0797 0425

Szymczak et al., 2013 BP 0.113 0.246 0.061 -0.370 0.596 0459 0.646
Cesareo et al., 2015 BP 0.524 0.371 0.138 -0.204 1.252 1411  0.158

Fixed 0.330 0.123 0.015 0088 0.571 2675 0.007
Random 0.330 0.123 0015 0.088 0571 2675 0.007
«1.00 -0.50 0.00 0.50 1.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
inmeans error Variance limit limit 2Z-Value p-Value
Rossini et al., 2001 BP 0376  039% 0157 -0.399 1.152 0950 0.342
Horiuchi et al., 2002 BP 3.326 0.728 0530 1900 4753 4571 0.000
Parker et al., 2002 BP 0.953 0.399 0.159 0.171 1735 2390 0017 +
Chow et al., 2003 BP 0.488 0.321 0.103 -0.141 1.117 1520 0.129
Khan et al., 2004 BP 0.723 0.344 0.118 0.048 1397 2101 0.036
Rossini et al., 2011 BP 0.127 0.193 0.037 -0251 0504 0659 0510
Akbaba et al., 2013 BP 0.579 0417 0.174 -0.238 1396 1390 0.165
Szymczak et al., 2013 BP 0.211 0.247 0.061 -0.273 0695 0854 0.393
Cesareo et al., 2015 BP -0.115 0.365 0.134 -0.831 0602 -0313 0754
Fixed 0.390 0.106 0.011 0.183 0.598 3.690  0.000 ’
Random 0546 0195 0.038 0.162  0.930 89 <&
-4.00 -2.00 0.00 2.00 4.00
PTH decrease PTH increase
Model Study name Groups Statistics for each study Std di means and 95% CI
Std diff  Standard Lower Upper
inmeans error Variance limit limit 2Z-Value p-Value
Rossini et al., 2001 BP -0.513 0.399 0159 -1294 0.268 -1.287 0.198
Horiuchi et al., 2002 BP -1.020 0.417 0.174 -1.837 -0.203 -2446 0.014
Parker et al., 2002 BP 0.401 0.382 0146 -0.347 1.149 1050 0.294
Chow et al., 2003 BP -0.530 0.322 0.104 0.101 1.647  0.100
Khan et al., 2004 BP -1.569 0.381 0.145 -0.822 -4.116  0.000
Rossini et al., 2011 BP -0.262 0.193 0.037 0117 -1.355 0.176
Akbaba et al., 2013 BP -0.982 0432 0.187 -0.135 -2.272  0.023
Fixed -0.511 0.122 0.015
Random 0.224 0.050
-2.00 -1.00 0.00 1.00 2.00
Ca decrease Caincrease
Model  Study name Groups Statistics for each study Std diff in means and 95% CI

Std diff ~Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value

Rossini et al., 2001 BP 0967 0415 0.172 -1779 -0.154 2332 0020 ——
Parker et al., 2002 BP 2050 0484 0235 -3000 -1.101 -4232 0.000
Chow et al., 2003 BP 1260 0346 0120 -1.939 -0.582 -3640 0.000 —@—
Szymczaketal, 2013  BP  -0.389 0249 0062 -0.876 0098 -1.567 0.117
Fixed 0901 0170 0029 -1234 -0.568 -5300 0.000 L 3
Random 75 <

-4.00 -2.00 0.00 2.00 4.00
OCN decrease OCN increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value

Rossini et al., 2001 BP -1.260 0.429 0.184 -2.101 -0418 -2934 0.003
Parker et al., 2002 BP -2.233 0.482 0232 -3.177 -1.289 -4637 0.000

Chow et al., 2003 BP  -1525 0359 0129 -2.229 -0.821 -4.244  0.000
Rossinietal, 2011  BP  -0638 0197 0039 -1.025 -0.251 -3234 0.001 g 3
Fixed 1035 0152 0023 -1.333 -0.736 6798  0.000 ©
Random 1339 0355 0.126
-4.00 -2.00 0.00 2.00 4.00
BALP decrease BALP increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff ~Standard Lower Upper
inmeans error Variance limit limit 2-Value p-Value
Rossini et al., 2011 BP  -0667 0198 0039 -1.055 -0280 -3375 0.001 --

Szymczak et al., 2013 BP -0.185 0.247 0061 -0669 0298 -0.750 0.453

Cesareo et al., 2015 BP -3.921 0.624 0.390 -5.145 -2698 -6.282 0.000
Fixed -0.677 0.150 0.022 -0971 -0.383 -4.520 0.000 k-3
Random

-4.00 -2.00 0.00 2.00 4.00

CTX. decrease CTX. increase
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Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossini et al., 2001 ALN 0.547 0.399 0.160 -0.236 1.330 1.369 0.171
Parker et al., 2002 ALN 0.524 0.384 0.148 -0.229 1.278 1.364 0.173
Chow et al., 2003 ALN 0.225 0.317 0.101 -0.397 0.847 0.709 0.478
Khan et al., 2004 ALN 0.327 0.336 0.113 -0.331 0.985 0.975 0.330
Akbabaetal, 2013  ALN 0.328 0.411 0.169 -0.478 1.133 0.797 0.425
Szymczak etal., 2013 ALN 0.113 0.246 0.061 -0.370 0.596 0.459 0.646
Cesareo etal,, 2015 ALN 0.524 0.371 0.138 -0.204 1.252 1.411 0.158
Fixed 0.321 0.128 0.016 0.071 0.571 2515 0.012 <
Random 0.321 0.128 0.016 0.071 0571 2515 0.012 B S
-2.00 -1.00 0.00 1.00 2.00
BMD decrease BMD increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper

in means error

Variance limit

limit Z-Value p-Value

Rossinietal, 2001  ALN  0.376 0396 0.157 -0.399 1.152 0.950 0.342
Parker et al., 2002 ALN 0.953 0.399 0.159 0.171 1.735 2390 0.017
Chow et al., 2003 ALN  0.488 0.321 0.103 -0.141 1.117 1520 0.129
Khan et al., 2004 ALN  0.723 0.344 0.118 0.048 1.397 2101 0.036
Akbabaetal,2013 ALN 0579 0417 0.174 -0.238 1.396 1.390 0.165
Szymczak et al., 2013 ALN 0.211 0.247 0.061 -0.273 0.695 0.854 0.393
Cesareo etal., 2015 ALN -0.115 0.365 0.134 -0.831 0602 -0.313 0.754
Fixed 0.416 0129 0.017 0.164 0.668 3.237 0.001 i
Random 0.416 0.129 0.017 0.164 0668 3.237 0.001 <y
-2.00 -1.00 0.00 1.00 2.00
PTH decrease PTH increase
Model Study name Groups Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossini etal., 2001 ALN -0.513 0.399 0.159 -1.294 0.268 -1.287 0.198
Parkeretal., 2002  ALN 0.401 0.382 0.146 -0.347 1.149 1.050 0.294
Chow et al., 2003 ALN -0.530 0.322 0.104 -1.160 0.101 -1.647 0.100
Khan et al., 2004 ALN -1.569 0.381 0.145 -2.316 -0.822 -4.116 0.000
Akbaba etal., 2013 ALN -0.982 0.432 0.187 -1.829 -0.135 -2.272 0.023

Fixed
Random

Model

Study name Groups

-0.618
-0.632

0.169
0.321

0.029
0.103

-0.949

-1.261 -0.004

-0.287 -3.657

-1.972

Statistics for each study

Std diff Standard
inmeans error Variance limit

Lower Upper

0.000
0.049 |

-2.00 -1.00 0.00 1.00 2.00

Ca decrease Caincrease

Std diff in means and 95% ClI

limit Z-Value p-Value

Rossini et al., 2001 ALN  -0.967 0.415 0.172 -1.779 -0.154 -2.332 0.020 —_——
Parker et al.,, 2002 ALN  -2.050 0.484 0.235 -3.000 -1.101 -4.232 0.000
Chow et al,, 2003 ALN  -1.260 0.346 0.120 -1.939 -0.582 -3.640 0.000 ——
Szymczak etal., 2013 ALN  -0.389 0.249 0.062 -0.876 0.098 -1.567 0.117
Fixed -0.901 0.170  0.029 -1.234 -0.568 -5.300 0.000 <>
Random -1.097 0.345 0.119 -1.774 -0.420 -3.175 0.001 il
-4.00 -2.00 0.00 2.00 4.00
OCN decrease OCN increase
Model Study name Groups Statistics for each study $td diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Rossini etal., 2001 ALN -1.260 0.429 0.184 -2.101 -0.418 -2.934
Parker et al., 2002 ALN -2.233 0.482 0.232 -3.177 -1.289 -4.637
Chow et al., 2003 ALN -1.525 0.359 0.129 -2.229 -0.821 -4.244

Fixed

Random

-1.617 0.239 0.057
-1.625 0.263 0.069

-2.086
-2.142

-1.149 -6.763
-1.109 -6.169

0.003
0.000
0.000
0.000
0.000

-4.00 -2.00 0.00 2.00 4.00

BALP decrease BALP increase
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