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Abstract

:

The significance of sclerostin for bone and cardiovascular health in patients with chronic kidney disease (CKD) is complex and incompletely understood. Experimental evidence suggests that anti-sclerostin therapy shows diminished efficacy on bone in the setting of CKD. Limited clinical evidence suggests that the osteoanabolic and anti-resorptive activity is attenuated, but hypocalcemia is more prevalent in patients with advanced CKD (eGFR < 30 mL/min) treated with anti-sclerostin (romosozumab) therapy as compared to patients without kidney disease. Furthermore, sclerostin is prominently expressed in uremic arteries. Whether the inhibition of sclerostin has adverse effects on cardiovascular health in CKD is currently unknown. This review summarizes the current understanding of the physiology and pathophysiology of sclerostin in CKD, with a focus on the cardiovascular safety of anti-sclerostin therapy in patients with or without CKD.
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1. Osteoporosis in CKD


Renal osteodystrophy (ROD) is a type of secondary osteoporosis which may occur at the early stages of chronic kidney disease (CKD), but typically occurs in patients with advanced CKD (Stage IV, eGFR < 30 mL/min). Patients with renal osteodystrophy may have alterations in bone volume, bone turnover or bone mineralization, which may occur individually or in different constellations. Hence, the turnover, mineralization, and volume-classification (TMV) of renal osteodystrophy was introduced in 2006, with the aim of the harmonization of the reporting of bone histology results for scientific research and clinical patient care [1]. Because ROD comes in different subtypes, with sometimes diametrically different characteristics (e.g., high or low bone turnover), it is not surprising that there is no “one-size-fits-all” treatment for ROD. For instance, the current notion is that high bone turnover should be treated with anti-resorptive agents, while low bone turnover should be treated with turnover-activating osteoanabolic therapies.




2. Sclerostin as Marker of Bone Turnover in CKD


Bone biopsy is the gold standard for the precise diagnosis of ROD. Because of all the well-known limitations of bone biopsies, non-invasive methods for the diagnosis of ROD have been intensively studied over the past decades. Numerous markers of bone turnover, some of which are nowadays available in clinical routine (such as bone-specific alkaline phosphatase, osteocalcin and carboxy-terminal collagen crosslinks) have been studied for the non-invasive diagnosis of ROD, with overall mixed results. (e.g., [2]). Parathyroid hormone (PTH) is a major determinant of bone turnover in advanced CKD. Because PTH signaling inhibits the expression of sclerostin in osteocytes and osteoblasts, serum sclerostin levels were studied as possible markers of bone turnover in CKD. Initially, as with all novel diagnostic parameters, sclerostin was measured with non-commercial assays. Consequently, a number of sclerostin assays have become commercially available. Assays by different manufacturers yield different results in terms of absolute sclerostin concentrations in serum. Therefore, studies using different sclerostin assays cannot be compared directly. However, commercially available sclerostin assays show good correlations between each other. Thus, sclerostin measurements with these commercial assays are probably valid (indeed measuring sclerostin) and inter-individual variability within a given cohort may be correlated with bone turnover [3,4,5]. However, bone biopsy studies in CKD patients showed only a moderate predictive value of sclerostin on bone turnover [6,7] or bone cellularity (as a proxy of bone turnover) [3], without added diagnostic value to the already established markers of bone turnover. Glucocorticoid treatment (commonly used in kidney transplantation) seems to attenuate the moderate association between sclerostin and bone turnover even further [8], rendering serum sclerostin measurements even less useful for the assessment of bone turnover.




3. Serum Sclerostin Is Increased in CKD


Serum sclerostin levels are markedly higher in CKD patients compared to healthy controls [9,10,11]. Two possible mechanisms were discussed to explain this finding: one being the increased expression of sclerostin in uremia, the other being the decreased renal elimination (renal retention) of sclerostin in patients with a low glomerular filtration rate (GFR). In patients with CKD, the renal elimination of sclerostin (fractional as well as absolute excretion) was found to increase with declining renal function [12], suggesting that increased sclerostin levels in CKD are the result of increased production. The increased expression of sclerostin in bone with decreasing renal function was also demonstrated in a cross-sectional bone biopsy study [13], which is also in line with experimental data [14]. Interestingly, this Brazilian study [13] found the highest expression of sclerostin in bone in early-stage CKD (stage 2), with subsequent a decline in expression in patients with more advanced CKD. However, sclerostin expression in bone in dialysis patients was still approximately twice as high as in kidney-healthy controls [13]. Serum sclerostin levels decline after kidney transplantation (corresponding to the improved renal function), but paradoxically the expression of sclerostin in bone increases [15]. Taken together, serum sclerostin levels in CKD patients cannot be fully explained by the expression of sclerostin in bone cells.



Very interesting results have been reported in preclinical [16] and clinical [17] studies of acute kidney injury (AKI). Increased serum sclerostin concentrations (approximately 3-fold increase compared to kidney-healthy controls) have been found in de novo (due to sepsis) or in acute-on-chronic kidney disease [17]. Therefore, even short-term uremia seems to lead to increased sclerostin expression. Immobilization occurring with severe illness, which has been described to increase sclerostin expression due to mechanical unloading (e.g., after stroke [18]), may be an alternative explanation for the elevated serum sclerostin levels in AKI.




4. Serum Sclerostin in CKD: Bone or Vessels?


Consequently, the source of extra-skeletal sclerostin expression has been a matter of intensive research. Vasculature, more specifically the arterial vascular wall, is suspected to be the source of extra-skeletal sclerostin. Vascular smooth muscle cells (VSMCs) exposed to pro-calcifying conditions in vitro show increased expression of sclerostin [19]. Additionally, the elevated expression of sclerostin in calcifying aortic tissue was found in an in vitro model of uremic vasculopathy [20]. Both AKI [16] and CKD [21] were demonstrated to lead to increased vascular (aortic) expression of sclerostin in vivo. Finally, some [22,23], but not all [24] studies in patients found that serum sclerostin levels are predominantly correlated with arterial sclerostin expression. Taken together, it appears that in CKD the majority of sclerostin circulating in serum comes from the vasculature.



CKD patients show extremely high rates of cardiovascular events and cardiovascular death [25]. Vascular calcification, which is at least partly an active process where vascular smooth muscle cells transdifferentiate to an osteoblast-like phenotype, is also widely prevalent and occurs prematurely in CKD patients. The finding that the expression of sclerostin, which is an inhibitor of osteoblast activity, is substantially increased in the vasculature in CKD is at least remarkable, if not troublesome. Currently, the pathophysiologic function of sclerostin in uremic arteries is unclear. If sclerostin was actively inhibiting vascular calcification in CKD, the inhibition of sclerostin would be detrimental by promoting further vascular calcification [26]. On the other hand, it could also by hypothesized that the vascular expression of sclerostin is a marker of uremic damage without much influence on the damage by itself [26]. In that case, the inhibition of sclerostin would probably remain without adverse cardiovascular consequences.



Recently published data suggest that uremic vessels can have adverse effects on bone [27]: When a piece of uremic aorta from a rat with CKD was transplanted into a kidney-healthy animal, the bone mineral density of the (otherwise healthy) recipient animal decreased, mainly through the impaired mineralization of bone, with marked increases in osteopontin and ANKH (progressive ankylosis protein homolog) [27], both inhibitors of mineralization. Additionally, the expression of sclerostin in bone increased in the recipient animals [27]. This study provided experimental evidence that the so-called bone–vascular axis in CKD can be bidirectional, and is not a “one-way street”.




5. Sclerostin and Cardiovascular Events


Sclerostin was identified to be the affected gene in sclerosteosis/van Buchem’s disease [28,29,30]. Sclerosteosis is a rare genetic disease, which has been mostly described in Afrikaans people (descendants of Dutch colonists) in South Africa. Mutations in the sclerostin gene or the associated promoter region lead to a lack of functionally active sclerostin, resulting in bone overgrowth. Patients with sclerosteosis suffer from the sequelae of this bone overgrowth, especially through the narrowing of neuroforamina with consecutive palsies such as facial nerve paralysis or deafness. Without adequate treatment (craniotomy), patients with sclerosteosis die in the third or fourth decade of their life because of increased intracranial pressure [31]. Cardiovascular disease has not been described to be more frequent in patients with sclerosteosis, but epidemiological studies in sclerosteosis patients are surely hampered by the low prevalence of the disease. In experimental studies in mice, rats or monkeys, where sclerostin was either completely absent by genetic knock-out or diminished in availability by antibody treatment, no cardiovascular pathology was reported [32,33,34,35,36]. However, the mouse strain used for the sclerostin gene-knock-out studies (C57/Bl6) is widely known to be resistant to cardiovascular disease, which is a limitation of the murine studies in terms of cardiovascular pathology.



Recently, two larger epidemiological studies on the association between sclerostin gene polymorphisms, which are associated with a low sclerostin expression phenotype (thus mimicking therapeutic intervention in sclerostin levels) and cardiovascular disease have been published. Because these studies yielded conflicting results, it seems worthwhile to take a closer look: The first study by Bovijn et al. [37] was predominantly based on data from a British biobank. Two sclerostin alleles (rs7209826, prevalence in biobank: 40%; rs188810925, prevalence in biobank: 8%), which were associated with diminished expression of sclerostin in tibial arteries and aorta (data from bone was not available) and increased bone mineral density (BMD) in the lumbar spine (difference in LS-BMD per allele: rs7209826, 0.008 g/cm2; rs188810925, 0.016 g/cm2), as well as decreased fracture incidence, were selected. This gene effect on LS-BMD was then “scaled” (i.e., multiplied) to the effect of an anti-sclerostin antibody (romosozumab) therapy for 12 months on LS-BMD. Subsequently, the cardiovascular risk associated with these two sclerostin alleles was also “scaled” (multiplied) with the same factor as for LS-BMD. Using this approach, Bovijn et al. [37] reported significant associations between sclerostin gene variants (scaled to the effect on LS-BMD of romosozumab to mimic anti-sclerostin therapy) with major adverse cardiovascular events (MACE). Odds ratios (OR) for MACE ranged from 1.10 to 1.18. Additionally, these sclerostin gene variants were also found to be associated with arterial hypertension (OR = 1.12) and diabetes mellitus (OR = 1.15).



The second study conducted by Holdsworth et al. [38] (which was funded by the manufacturer of romosozumab) did not find an association between sclerostin gene variants and cardiovascular disease. Holdsworth and colleagues [38] studied three sets of sclerostin alleles. For the first sclerostin allele set (rs9899889, rs1107748, rs66838809), which is associated with reduced expression of sclerostin and increased BMD, no association with cardiovascular disease was identified using the data of two population-based studies of cardiovascular risk (CARDIoGRAMplusC4D and MEGASTROKE) encompassing over 1 million participants. Furthermore, these sclerostin variants were not associated with arterial hypertension or diabetes mellitus. Holdsworth and colleagues [38] also studied the gene variants used by Bovijn et al. [37] (rs7209826 and rs188810925), but again did not find an association with cardiovascular disease in a multivariate analysis. Finally, Holdsworth et al. [38] analyzed a third sclerostin allele set (rs2741856 and rs7217502) as part of a sensitivity analysis, and again could not find an association with cardiovascular disease.



How can these discrepancies be explained?



The results reported by Bovijn et al. [37] may be subject to residual confounding, as neither arterial hypertension nor diabetes mellitus was observed in sclerostin gene knockout animals or preclinical and clinical studies with anti-sclerostin antibodies. Holdsworth and colleagues [38] discussed that Bovijn et al. [37] possibly underestimated the effect of the interdependency of the sclerostin alleles studied, and that insufficient correction for multiple testing was performed, both leading to the underestimation of p-values.



Taken together, an association between low sclerostin expression and cardiovascular disease appears epidemiologically possible, but seems unlikely based on the current understanding of the functions of sclerostin and experimental data.




6. Sclerostin and Patient Outcome in CKD


A number of studies investigated the association between serum sclerostin and pulse-wave velocity (PWV, a measure of vascular stiffness and surrogate parameter for cardiovascular disease), as well as patient mortality.



The majority of studies published reported a direct association between serum sclerostin levels and PWV [39,40,41,42,43]. However, some studies did not find an association between serum sclerostin and PWV [44,45] or an “arterial stiffness index”, which is measured at the fingertip [46].



Regarding the association between serum sclerostin and mortality in CKD patients, the general picture is quite unclear. Direct [47,48,49,50,51,52,53], indirect [54,55,56,57,58] or no [59,60,61,62] association between serum sclerostin and mortality in CKD have been reported. This might at least in part be due to the heterogenous nature of the CKD populations studied (CKD without renal replacement therapy, dialysis patients, kidney transplant recipients). However, even when looking only at a relatively well-defined patient population such as dialysis patients, the available data remain contradictory. Again, an important question is whether these associations are causal or not. Deducing from the (very differing) results from these studies and assuming causality, the inhibition of sclerostin might confer beneficial, detrimental or no effects at all in CKD patients. Ultimately, this question can only be answered in prospective, randomized, controlled, interventional trials.




7. Sclerostin, BMD and Fractures in CKD


The association between serum sclerostin levels and BMD is well studied. All [10,46,63,64,65] but one study (in pediatric CKD dialysis patients [66]) reported a direct association between serum sclerostin and BMD. Given the physiologic function of sclerostin as an inhibitor of osteoblast function, this finding is definitely counter-intuitive. However, a positive association between serum sclerostin levels and BMD has also been very consistently reported in kidney-healthy cohorts (e.g., [67]), so it is obviously not specific to CKD. So far, explanations brought forward for this phenomenon remain somewhat unsatisfactory. The most common explanation is that sclerostin production correlates with osteocyte number and hence total bone mass. The more bone, the higher the sclerostin levels. Whether this explanation indeed reflects the real situation remains to be determined. As high sclerostin levels have been associated with prevalent vertebral fractures [68] and progressive bone loss [69,70] in dialysis patients, the situation becomes even more complicated.




8. Anti-Sclerostin Therapy


Romosozumab is an anti-sclerostin antibody which was approved for clinical use by the U.S. Food and Drug Administration (FDA) as well as the European Medicines Agency (EMA) in 2019. The advent of romosozumab represents a radical improvement in the therapeutic armamentarium for the treatment of osteoporosis. No other drug induces such large increases in BMD in all parts of the skeleton in such a short time (1 year of treatment). Romosozumab/anti-sclerostin antibody therapy shows both anti-resorptive and osteoanabolic properties, distinguishing it from other currently used osteoporosis drugs. So far, romosozumab has shown a very favorable safety profile. However, in patients with advanced CKD, this might be different.




9. Romosozumab and Cardiovascular Events


The efficacy and safety of romosozumab was studied in three large, international, randomized controlled trials. Two trials were conducted with postmenopausal women (acronyms: FRAME [71], ARCH [72]), and one in men with osteoporosis (acronym: BRIDGE [73]). In the largest study with romosozumab (FRAME, n = 7180 women) [71], no difference in cardiovascular events was found (romosozumab vs. placebo, n = 44 (1.2%) vs. n = 41 (1.1%)). However, when romosozumab was compared with alendronate (ARCH, n = 4093 women) [72], a slightly higher cardiovascular event rate was observed with romosozumab (n = 50, 2.5%) compared to alendronate (n = 38, 1.9%). In the BRIDGE study, where 245 men were randomized in a 2:1 fashion to receive romosozumab or placebo, eight cardiovascular events (4.9%) were noted in the romosozumab-group, while two cardiovascular events (2.5%) were observed in the placebo group. Meta-analysis of romosozumab trials regarding cardiovascular safety yielded conflicting results, which may be due to differences in the statistical methods applied (e.g., how to deal statistically with studies without an event) [74,75].



Because alendronate was the comparator to romosozumab in the ARCH study [72], a possible cardiovascular benefit of alendronate was proposed [76,77]. Indeed, beneficial effects of bisphosphonate therapy on the cardiovascular system have been suspected for quite some time, based on results from clinical registries (e.g., [78]). However, this proposed cardiovascular benefit of bisphosphonate treatment could not be substantiated in respective meta-analyses [79,80,81].



A close look at the cardiovascular event rate reported in ARCH (Figure 1) reveals interesting further insights: strikingly, there was no recorded cardiovascular event in the alendronate study arm. Such an immediate and potent effect on cardiovascular events by alendronate is neither mechanistically plausible nor supported by previous clinical observations. In the extension period after 1 year, where both study arms received alendronate, the cardiovascular event rates seem to run in parallel, without apparent changes in the cardiovascular event rate in patients switched from romosozumab to alendronate. Subsequently (study month 24–36), the cardiovascular event rate in the original alendronate arm seemed to increase. Thus, the differences in cardiovascular events between romosozumab and alendronate may be a result of chance.



To approach this question from a pathophysiological perspective, the expression of sclerostin in atherosclerotic plaques was studied in human vascular specimens in detail [38]. Of note, this study was again financed by the company marketing romosozumab. In this histological study, sclerostin expression was not located in or close to regions of atherosclerotic plaques, which are widely viewed as being crucial for plaque stability (fibrous cap, endothelium). Therefore, a mechanistic link between sclerostin or the inhibition of sclerostin and atherosclerotic plaque rupture seems unlikely.



Nevertheless, both FDA and EMA required post-marketing surveillance for romosozumab to further assess cardiovascular safety. The first results from post-marketing data have already been published [82], suggesting an increased cardiovascular risk for patients treated with romosozumab. However, romosozumab-treated patients were older and were more likely to take concomitant cardiovascular medication (anticoagulants, anti-platelet agents, antihypertensives) and therefore were probably more likely to have cardiovascular events compared to the control group. Until further data become available, romosozumab is contraindicated in patients with a history of myocardial infarction or stroke (labeling Evenity®, Breda, the Netherlands accessed on 9 December 2019).




10. Anti-Sclerostin Therapy in CKD


The effects of the inhibition of sclerostin on bone in CKD were assessed in several experimental studies. In mice with advanced CKD, no relevant differences in bone changes in response to uremia were observed between sclerostin knock-out animals and wild-type controls [36,84]. In both studies, no attempt was made to lower PTH levels (due to secondary hyperparathyroidism—sHPTH). In another study using CKD rats [85], treatment with an anti-sclerostin antibody again failed to have substantial effects on bone in animals with sHPTH. However, when sHPTH was suppressed using calcium supplementation, anti-sclerostin antibody therapy led to increases in bone volume [85].



Based on these studies, one might hypothesize that anti-sclerostin therapy in patients with advanced CKD (and sHPTH) would need to be combined with PTH-lowering treatment for efficacy. Whether treatment with active vitamin D (e.g., calcitriol, paricalcitol, alphacalcidol) or calcimimetics (cinacalcet, etelcalcetide) would be the better combination with romosozumab remains to be studied.



In the large studies investigating the efficacy and safety of romosozumab (FRAME, ARCH), some restrictions applied for the participation of patients with CKD. In FRAME [71], CKD was not an exclusion criterion, but PTH above the upper limit of normal was. As sHPTH occurs frequently in advanced CKD, this restriction probably led to the indirect exclusion of patients with advanced CKD. In ARCH [72], not only was PTH above the upper limit of normal an exclusion criterion, but patients with an eGFR < 35 mmL/min (MDRD formula) were also explicitly excluded from participation. As occurs so often, patients with advanced stage kidney disease (roughly CKD 4 and higher) were excluded from these studies, which is regrettable from the nephrologist’s point of view. However, keeping in mind the complex and unclear relationship between sclerostin and cardiovascular health in CKD, this may have been a good decision.



Based on the available data from the FRAME and ARCH studies, a post hoc analysis regarding the efficacy and safety of romosozumab in mild to moderate CKD was performed, but is available only as an abstract so far [86]. Patients were grouped according to their eGFR in normal renal function (eGFR > 90 mL/min), mild (eGFR 60–89 mL/min, equivalent to CKD stage 2) or moderate (eGFR 30–59 mL/min, equivalent to CKD stage 3) renal impairment. There was a trend of decreased efficacy of romosozumab (lower increase in BMD) with lower eGFR. In terms of cardiovascular safety, no association with renal function was found.



Regarding efficacy and safety in advanced CKD (eGFR < 30 mL/min, corresponding to CKD stage 4 or 5), information is scarce. Data from a phase I study have been published, but are available only in a clinical trial registry (clinicaltrials.gov) and the clinical trial registry of the manufacturer (amgentrials.com, accessed on 25 June 2021) [87,88]. This phase I study included 24 patients, divided into three groups (eight persons each) with normal renal function, CKD stage 4 or CKD on dialysis (CKD 5D). All participants received a single injection of 210 mg romosozumab, which is the currently approved dose. Follow-up was 85 days. Remarkably, all three patient groups showed increases in osteoblast markers and decreases in osteoclast markers. However, percent changes in bone turnover markers seemed to be somewhat diminished in CKD patients compared to healthy individuals (Figure 2). Data for BMD were available in only two participants and were not reported, which would probably be of very little use anyway given the low patient number and the short follow-up of less than 3 months.



In terms of safety (Figure 3), decreases in albumin-corrected calcium were observed in CKD 4 patients and were even more pronounced in CKD 5D patients, with a nadir around 3 weeks after injection and a rebound after 1 (CKD 4) to 2 (CKD 5D) months to baseline values. In CKD 5D, the mean nadir of albumin-corrected calcium was 2.07 mmol/L, with 1 patient experiencing a grade 3 -hypocalcemia (1.5–1.75 mmol/L). In parallel to the development of hypocalcemia, there was a prominent (and physiologically expected) but transient increase in PTH. Interestingly, kidney-healthy individuals also experienced a marked increase in PTH (+94%) from the baseline. The pathophysiology behind the increased rate of hypocalcemia in CKD patients treated with romosozumab is currently unclear. It appears that the homeostasis of serum calcium is more dependent on bone turnover in CKD patients compared to kidney-healthy people. Because romosozumab has a dual mode of action (both osteoanabolic and antiresorptive) [89], increased uptake of calcium into newly formed bone as well as decreased calcium efflux from bone may result in decreased serum calcium levels. However, increased rates of hypocalcemia have been observed in CKD patients treated with denosumab [90], which is an anti-resorptive agent. Therefore, the anti-resorptive effect of romosozumab might play a dominant role in romosozumab-induced hypocalcemia in CKD patients.



Very recently, a Japanese group published a cohort study of 96 hemodialysis patients at high risk for fracture who were treated with romosozumab for 1 year [91]. Despite pre-treatment with bisphosphonates in the majority of patients, significant increases in LS-BMD (15.3 ± 12.9%) as well as FN-BMD (7.2 ± 8.3%) were observed in patients treated with romosozumab, whereas a cohort not treated with romosozumab (n = 55) showed no changes in LS-BMD or FN-BMD. Hypocalcemia was common in romosozumab-treated hemodialysis patients (9.5 ± 0.8 mg/dL at baseline to a nadir of 8.9 ± 0.7 mg/dL at 6 weeks after initiation), but was reversible and could be managed by increasing treatment with active vitamin D. Of note, the baseline value of iPTH was 152.3 ± 172.0 pg/mL, suggesting a very well-controlled secondary HTPH, which may have helped to mitigate the hypocalcemic effect of romosozumab treatment in hemodialysis patients. As compared to the control cohort, no increase in cardiovascular events was observed in romosozumab-treated patients.




11. Conclusions


For kidney-healthy patients, romosozumab is a very effective novel therapeutic option for the treatment of osteoporosis. So far, the cardiovascular safety profile is favorable, pending further reports from post-marketing surveillance. For patients with advanced CKD (stage 4/5), only very limited data regarding safety are available, while for effects on BMD there are no data available at all. Based on pathophysiologic considerations, the risk to benefit ratio of romosozumab may be less favorable in advanced stages of CKD. Therefore, romosozumab treatment in patients with advanced CKD (CKD stage 4 or 5, corresponding to an eGFR < 30 mL/min) should be performed only in the well-controlled setting of clinical studies, until further data become available.
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Figure 1. Time to first cardiovascular event in ARCH (romosozumab vs. alendronate), according to study arm. Note the absence of cardiovascular events in the first three months in the alendronate arm (source: FDA website [83], free for reproduction). 
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Figure 2. Peak percentual change in bone turnover markers from baseline after a single injection of romosozumab 210 mg, according to renal function. Adapted from [88]. Healthy—healthy controls; CKD 4—chronic kidney disease stage 4; CKD 5D—chronic kidney disease stage 5D (dialysis); P1NP—procollagen type 1 N-terminal propeptide; BSAP—bone-specific alkaline phosphatase; CTX—carboxy-terminal collagen crosslinks; TRAP5b—tartrate-resistant acid phosphatase 5b. 
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Figure 3. Mean values of (A) albumin-corrected calcium (Ca alb.corr.) and (B) intact parathyroid hormone (iPTH, log-scale) after a single injection of romosozumab 210 mg according to renal function. Adapted from [87]. Healthy—healthy controls; CKD 4—chronic kidney disease stage 4; CKD 5D—chronic kidney disease stage 5D (dialysis). 
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