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Highlights 

1. We have integrated the research progress of CKD-MBD in the past five years in terms of 
mechanism and treatment. 

2. We summarize the pathological features of CKD-MBD as: mineral metabolism disorders, 
skeletal abnormalities, and vascular and soft tissue calcification. 

3. As a particularly important factor in the disease progression of CKD-MBD, and also a hot 
research direction, we summarize the metabolic mechanisms of calcium and phosphorus 
metabolism, PTH metabolism, and FGF23, which are the key factors in mineral metabolism 
disorders. 

4. Based on the current status of clinical treatment and the rising trend of histologic applications, 
we believe that precision medicine is an emerging research direction in the next few years. 

Abstract: Chronic Kidney Disease (CKD) is a group of clinical symptoms characterized by 
progressive loss of kidney function, defined as Glomerular Filtration Rate (GFR) below 60 
mL/min/1.73 m². For more than three months. The harm of CKD is extensive and has become a global 
public health problem. The harm of CKD is not only limited to the kidney itself, but also causes a 
variety of complications, among which Chronic Kidney Disease-Mineral and Bone Disorder (CKD-
MBD) is one of the important complications of CKD. It is characterized by abnormal mineral 
metabolism, bone disease, and vascular calcification, which seriously affects the long-term prognosis 
of patients. The pathophysiological mechanism of CKD-MBD is complex and involves a variety of 
factors, including dysregulation of phosphate and calcium metabolism, elevated Parathyroid 
Hormone (PTH) levels, and abnormal vitamin D metabolism. These disorders interact to cause 
abnormal bone metabolism and calcification of blood vessels, increasing the risk of cardiovascular 
disease. Although significant advances have been made in the understanding and treatment 
strategies for CKD-MBD, deficiencies remain. Current treatments focus on regulating mineral 
metabolism and inhibiting hyperparathyroidism, but these treatments have limitations. In addition, 
early diagnosis and prevention strategies for CKD-MBD are not yet perfect, and further research is 
needed to improve the accuracy of diagnosis and the effectiveness of treatment. This review aims to 
systematically review the latest advances in pathophysiology, diagnosis, clinical management and 
treatment of CKD-MBD. This paper focuses in particular on recent scientific discoveries and assesses 
their potential impact on improving patient management and clinical outcomes. Future research 
should focus on further exploring the molecular mechanisms of CKD-MBD, validating new 
biomarkers, developing personalized medicine strategies. These studies will provide new insights 
into the clinical treatment of CKD-MBD, help improve long-term patient outcomes, and lay the 
foundation for personalized medicine in the future. 

Keywords chronic kidney disease; chronic kidney disease-mineral and bone disorder; mineral 
metabolism disorders; skeletal abnormalities; vascular calcification 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 May 2025 doi:10.20944/preprints202505.0470.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.0470.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 25 

 

 

Introduction 

Chronic Kidney Disease (CKD) is a global public health problem with increasing morbidity and 
mortality. As Chronic Kidney Disease progresses to advanced stages, patients are often accompanied 
by Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD), which not only affects patients' 
quality of life, but also significantly increases the risk of cardiovascular events and mortality[1]. 
Chronic Kidney Disease-Mineral and Bone metabolism Disorder is one of the common complications 
in patients with chronic kidney disease[2]. Chronic Kidney Disease - Mineral and Bone Disorders can 
be caused by one or more of the following abnormalities: (1) abnormal metabolism of calcium, 
phosphorus, Parathyroid Hormone (PTH), or vitamin D; (2) abnormal bone metabolism, 
mineralization, linear volume growth, or strength; (3) calcification of blood vessels or other soft 
tissues (Figure1)[3,4]. Chronic Kidney Disease - Mineral and Bone Disorders have complex 
pathophysiological mechanisms involving disturbances in calcium, phosphorus, and vitamin D 
metabolism, as well as abnormal regulation of parathyroid hormones. Studies in recent years have 
shown that these metabolic disorders are associated with abnormal bone turnover, vascular 
calcification, or soft tissue calcification, further exacerbating the condition in CKD patients[5]. Nr Hill 
et al. found that the global prevalence of chronic kidney disease was between 11% and 13% through 
random effects model evaluation in eight databases, and most patients were stage 3, of which a 
significant proportion of patients may develop CKD-MBD[6]. A study conducted in 2024 collected 
information on the prevalence of chronic kidney disease in 161 countries. The analysis revealed that 
the global median prevalence of chronic kidney disease was 9.5% (interquartile range 5.9-11.7). The 
highest prevalence rates were found in Eastern and Central Europe (12.8%, 11.9-14.1)[7]. In addition, 
the prevalence rate among adults in mainland China was 8.2%[8]. 

 

Figure 1. Pathologic features of CKD-MBD. CKD-MBD has three major pathologic features, which are 
biochemical metabolic abnormalities, osteoporotic bone loss, and vascular and soft tissue calcification. 

Clinical trials have validated the efficacy of phosphorus-binding agents and vitamin D analogs 
in regulating mineral metabolism, while calcium-sensitive receptor agonists and innovative PTH 
analogs have brought new options for CKD-MBD treatment. Nonetheless, challenges such as the 
need for individualized treatment, drug side effects, and patient compliance remain. In addition, 
early diagnosis and prevention strategies for CKD-MBD have yet to be perfected, and in-depth 
studies are urgently needed to unravel the mechanisms and develop intervention strategies. The aim 
of this review is to synthesize and analyze the new findings on the pathophysiological mechanisms 
of CKD-MBD, the improvement of diagnostic methods, the update of therapeutic strategies, and the 
development of clinical practice guidelines, so as to better understand the complexity of CKD-MBD 
and to guide the future direction of research and clinical practice.  
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Materials and Methods 

In order to comprehensively collect relevant academic information, we systematically searched 
a number of well-known online academic databases, including but not limited to PubMed, Web of 
Science, CNKI, Wanfang Database and VIP database. We used a range of keywords including 
"chronic kidney disease", "osteoporosis", "chronic kidney disease - mineral and bone diseases", 
"vascular calcification", "pathophysiology", "management" and "treatment". Through their combined 
use, the aim is to comprehensively capture the research literature related to the pathological 
mechanisms of chronic kidney disease - mineral and bone diseases and their complications. In 
particular, we looked at literature published between 2020 and 2024 to ensure that the most recent 
research findings were covered. To supplement important historical background and basic research 
data, we have also included some landmark research before 2020. This careful search strategy ensures 
the depth and breadth of our review, providing readers with a comprehensive perspective on the 
pathological mechanisms and complications of chronic kidney diseases-mineral and bone diseases. 

Pathophysiology 

1. Abnormalities in the Metabolism of Calcium, Phosphorus, Vitamin D, Parathyroid Hormone, and FGF23 

The effects of chronic kidney disease on bone and mineral metabolism are multidimensional, 
mainly due to the impaired central role of the kidneys in maintaining the balance of minerals such as 
calcium and phosphorus (Figure2)[9,10]. 

 

Figure 2. Disorders of mineral metabolism in CKD-MBD.    In patients with chronic kidney disease, decreased 
GFR leads to hyperphosphatemia, hypocalcemia, and decreased active vitamin D. This triggers elevated levels 
of parathyroid hormone and FGF23, leading to abnormal bone metabolism and vascular calcification. 
Hyperphosphatemia exacerbates CKD progression by promoting soft tissue calcification and inhibiting bone 
mineralization. Hypocalcemia stimulates parathyroid hormone secretion to increase blood calcium levels. 
Chronic high PTH levels lead to secondary hyperparathyroidism, which in turn causes bone calcium 
mobilization, promotes bone resorption, and decreases bone density. Vitamin D deficiency affects calcium 
absorption and bone mineralization. FGF23 interacts with Klotho and affects bone and kidney health. 

1.1. Disorders of Calcium and Phosphorus Balance 

As chronic kidney disease progresses, a decrease in Glomerular Filtration Rate (GFR) leads to a 
decrease in the ability of the kidneys to excrete phosphate, resulting in the development of overt 
hyperphosphatemia. Simultaneously active vitamin D and Klotho protein levels decline. The body 
compensatorily increases fibroblast growth factor 23 (FGF23) and parathyroid hormone levels in 
order to maintain stable blood calcium and phosphorus levels. However, this compensatory 
mechanism often leads to pathophysiologic changes such as abnormal bone metabolism and ectopic 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 May 2025 doi:10.20944/preprints202505.0470.v1

https://doi.org/10.20944/preprints202505.0470.v1


 4 of 25 

 

calcification[11]. Hyperphosphatemia exacerbates hyperparathyroidism by inducing hypocalcemia, 
decreasing 1, 25-dihydroxyvitamin D3 production, and increasing PTH gene expression. In addition, 
elevated plasma phosphate concentrations significantly inhibit parathyroid calcium sensitive 
receptor (CaSR) activity, which directly affects PTH synthesis and further exacerbates the 
development of hyperparathyroidism[9]. High blood phosphorus levels bind to calcium in the blood, 
causing blood calcium levels to drop. Hypocalcemia stimulates parathyroid hormone secretion to 
increase blood calcium levels. Chronic high PTH levels can lead to secondary hyperparathyroidism 
(SHTP), which in turn causes bone calcium mobilization and increased bone resorption[12]. The 
colloidal mineral-protein complex of crystalline calcium phosphate and serum protein fetuin A is 
called secondary calciprotein particles (CPP2), and CPP2-induced tubular injury and interstitial 
inflammation or fibrosis reduce the number of functional renal units. Further increases in phosphate 
excretion per renal unit are required to maintain phosphate homeostasis unless phosphate intake is 
reduced[13]. In addition, deficiency of active vitamin D further affects calcium absorption and 
utilization, exacerbating disturbances in calcium and phosphorus metabolism[14]. 

1.2. Disorders of Vitamin D Metabolism 

Vitamin D is essential in bone formation and remodeling, promoting intestinal calcium 
absorption, renal tubular calcium reabsorption, osteoblast proliferation and differentiation, and 
significantly affecting bone matrix mineralization. Its active form, 1, 25-dihydroxyvitamin D3, 
regulates calcium and phosphate homeostasis in the small intestine, kidney, and bone[15,16]. Vitamin 
D synthesis and metabolism are finely regulated processes in which the kidney plays a central role. 
Vitamin D is first converted to 25-hydroxyvitamin D by the action of 25-hydroxylase in the liver, and 
then this inactive form is further converted to the biologically active 1, 25-dihydroxyvitamin D3 in 
the mitochondria of renal proximal tubular epithelial cells by the action of 1α-hydroxylase 
(CYP27B1)[16,17]. 1, 25-dihydroxyvitamin D3 indirectly promotes bone mineralization by facilitating 
intestinal absorption of calcium and phosphate as well as renal tubular reabsorption of calcium, while 
inducing the expression of osteocalcin, activating the Receptor Activator of Nuclear Factor-κ B 
Ligand(RANKL), facilitating bone resorption, and releasing calcium salts from old bone into the 
circulation[18]. Meyer et al. showed that CYP27B1 and CYP24A1 (24-hydroxylase) in the kidney work 
together to regulate blood levels of 1, 25-dihydroxyvitamin D3, which is essential for calcium and 
phosphate homeostasis[19]. However, in CKD, 1α-hydroxylase activity is inhibited and 1, 25-
dihydroxyvitamin D3 production is blocked, which affects calcium and phosphate homeostasis, and 
vitamin D deficiency has been associated with loss of vitamin D-binding proteins and 1, 25-
dihydroxyvitamin D3 associated with proteinuria and uremia[20]. 1, 25-dihydroxyvitamin D3 and its 
analogs effectively inhibit PTH synthesis and secretion through transcriptional and post-
transcriptional mechanisms. This biological response is mediated by the binding of 1, 25-
dihydroxyvitamin D3 to intracellular receptors belonging to the steroid receptor superfamily[21]. 1, 
25-dihydroxyvitamin D3, PTH and FGF23 together constitute an endocrine regulatory system that 
maintains calcium and phosphorus homeostasis. However, in CKD, the function of this system is 
impaired, leading to disturbances in mineral metabolism[22]. In addition, vitamin D levels are 
negatively associated with cardiovascular risk in men and women. 1, 25-dihydroxyvitamin D3 favors 
cardiovascular disease through a mechanism of down-regulation of renin expression, renin-
angiotensin-aldosterone system activity, and its interaction with vitamin D receptors[23]. 

1.3. Disorders of Parathyroid Hormone Metabolism 

As kidney function decreases, blood phosphorus rises and blood calcium decreases, stimulating 
the parathyroid glands to secrete more PTH. Excess parathyroid hormone causes serum levels of 
calcium and phosphorus to rise, a change that triggers the conversion of preosteoclasts and 
mesenchymal cells to osteoclasts, which accelerates the process of dissolution of bone matrix and 
bone salts. In addition, the excessive action of PTH leads to a decrease in the density of the outer layer 
of bone (cortical bone) and the formation of a large number of pores, which increases the porosity of 
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cortical bone. This structural change weakens the strength and stability of the bone, putting it at 
increased risk for osteoporosis, which in turn may lead to fractures[24,25]. Under normal conditions, 
osteoblasts can secrete osteoid to fill the traps formed by osteoclast bone resorption, followed by 
mineralization of osteoid (deposition of inorganic salts such as calcium and phosphorus) into new 
bone. In chronic kidney disease, osteoblasts are inhibited due to disturbances in calcium and 
phosphorus metabolism and elevated levels of PTH, resulting in decreased bone formation[24,26,27]. 
PTH regulates FGF23 secretion, reduces blood phosphorus, promotes bone calcium mobilization, 
elevates blood calcium, and has a bidirectional regulatory effect on bone metabolism[12]. PTH 
secretion is negatively regulated by serum calcium levels through the parathyroid calcium sensitive 
receptor (CaSR)[28]. In the kidney, PTH increases distal tubular calcium reabsorption and down-
regulates the proximal tubular sodium-phosphate cotransporter proteins, NPT2a and NPT2c, thereby 
increasing urinary phosphate excretion. Under the influence of parathyroid hormone, by increasing 
renal tubular reabsorption of calcium and tubular excretion of phosphorus, which would otherwise 
enter the circulation from the skeleton and intestine[29]. In addition, PTH enhances the synthesis of 
1, 25-dihydroxyvitamin D3 through activation of the 1-alpha-hydroxylase gene, which further 
promotes intestinal absorption of calcium and phosphorus, which is essential for the correction of 
hypocalcemia and maintenance of mineral metabolic homeostasis[9]. PTH also inhibits the 
expression of 24-hydroxylase and slows down the inactivation of 1, 25-dihydroxyvitamin D3, 
ensuring its effective concentration in the body, which together promote calcium and phosphorus 
metabolic homeostasis[29]. These regulatory mechanisms are essential for the treatment and mineral 
homeostasis of patients with CKD-MBD. 

1.4. Disorders of FGF23-Klotho Metabolism 

FGF23 possesses the ability to stimulate the proliferation and differentiation of a wide range of 
cells that play a crucial regulatory role in the process of osteogenesis, which includes bone progenitor 
cells and osteoblasts. By promoting the proliferation and differentiation of these cells, FGF23 
regulates the process of osteogenesis and plays a decisive role in bone development and 
maintenance[30]. Elevated serum FGF23 levels in patients with chronic kidney disease-mineral and 
bone disorders may be a compensatory response to increased serum phosphorus load[31]. Increased 
levels of FGF23 can be seen in the circulation of patients with early chronic kidney disease, and early 
rises in FGF23 are protective and essential for maintaining phosphate homeostasis. FGF23 increases 
renal phosphorus excretion by down-regulating sodium-dependent phosphate co-transporter 
proteins in the proximal renal tubule; inhibition of proximal tubular 1-alpha-hydroxylase expression 
leads to decreased 1, 25-dihydroxyvitamin D3 synthesis, resulting in a relatively stable calcium-
phosphorus metabolism in patients with early chronic kidney disease, and influences the process of 
bone remodeling by signaling through the dependence or non-independence of the transmembrane 
protein Klotho. With a decrease in estimated glomerular filtration rate (eGFR), FGF23-induced 
phosphorus excretion is diminished, leading to hyperphosphatemia[32–34]. Shimada et al. 
demonstrated this in transgenic mice expressing human FGF23[35]. FGF23 and soluble α-Klotho may 
affect the skeleton by inhibiting osteoblast mineralization and osteoblast marker gene expression 
through FGFR1 signaling and increased FGFR1 and FGFR3 expression in MC3T3-E cells[31]. In 
another study, increased Lipocalin 2 (LCN2) in the kidney of patients with chronic kidney disease 
was found to target stimulation of cyclic AMP-mediated signaling in osteocytes to stimulate FGF23 
transcription[36]. Klotho is a membrane protein, classified as αKlotho and βKlotho, and is a major 
part of the endocrine fibroblast growth factor receptor complex. Target organ signaling by FGF23 is 
mediated by its binding to a heterodimeric complex of FGF receptors and α-Klotho co-receptors, 
which are significantly expressed in kidney, parathyroid, bone and other tissues [29]. The possibility 
that the Klotho-FGFR complex regulates its own production through a negative feedback loop and 
an autocrine feedback loop controlling FGF23 synthesis and secretion is high. It has been shown that 
bone mineralization defects in Klotho-deficient mice are caused by 1, 25-dihydroxyvitamin D3-driven 
up-regulation of bone pyrophosphate and bone bridging proteins[37–39]. FGF23 reduces 1, 25-
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dihydroxyvitamin D3 concentrations by inhibiting CYP27B1 and stimulating CYP24A1. This is in 
contrast to the action of parathyroid hormone[29]. FGF23 inhibits parathyroid hormone secretion by 
activating the intracellular mitogen-activated protein kinase (MAPK) signaling pathway through 
binding to the Klotho-FGFRl complex on parathyroid cell membranes[40]. Therefore, FGF23 is 
considered a promising therapeutic target for improving the prognosis of CKD patients with 
associated complications[41]. 

In conclusion, the reduced renal function in patients with chronic kidney disease leads to the 
inability of patients to properly excrete waste products and excess electrolytes such as phosphorus 
and calcium, which disrupts the original mineral balance[42]. The changes in these minerals and their 
effects are summarized in Table 1. As a result, patients with chronic kidney disease are often 
accompanied by osteoporosis, which is manifested by decreased bone density, weakened bone 
strength, and increased fracture risk. It has been shown that high fracture risk is caused by a 
combination of CKD-induced changes in bone and mineral metabolism[43]. 

Table 1. Factors affecting bone strength in chronic kidney disease-mineral and bone disorder (CKD-MBD). 

Factor Source Main effect Refs. 

↓Calcium Kidney 

Intestine 

↑SPTH 

↑Phosphate excretion 

[12,13] 

↑Phosphate Kidney ↑SPTH 

↓1, 25-dihydroxyvitamin D3 synthesis 

↓Calcium 

[9] 

↓Vitamin D Kidney ↑Parathyroid hormone secretion 

↑Phosphate 

↓Calcium 

[18,20,21] 

↑Parathyroid 

hormone 

Parathyroid gland ↓Calcium 

↑Phosphate 

↑FGF23 levels 

[12,28,29] 

↑FGF23 Bone ↑Phosphate excretion 

↓1, 25-dihydroxyvitamin D3 synthesis 

[32–34] 

↓Klotho Kidney ↑FGF23 levels [29] 

↓: decrease, ↑: increase. 

2. Skeletal Changes 

In patients with chronic kidney disease (CKD), bone renewal capacity suffers significantly, 
leading to more fragile bones and increased fracture risk. Patients with CKD G3a-G5D have a higher 
fracture rate compared to the general population[44]. Patients with CKD often have abnormal 
metabolic conditions such as elevated blood phosphorus, decreased blood calcium, and vitamin D 
deficiency, which interfere with the process of bone mineralization (Figure3)[45]. Phosphate is the 
main component of skeletal hydroxyapatite, which provides strength and stiffness to the bone. It 
plays a role as a signaling molecule in bone metabolism, influencing osteoblast activation, 
differentiation and bone resorption activities of osteoclasts. Hyperphosphatemia can lead to soft 
tissue calcification but at the same time inhibits normal mineralization of bone[46]. Phosphorus and 
calcium easily react in biological fluids to produce calcium phosphate and calciprotein particles 
(CPPs), which destroy tubular cells by binding to TLR4 expressed on the tubules, and sustained 
tubular injury induces interstitial fibrosis and reduces the number of renal units, with progression of 
chronic kidney disease ensuing[47]. Vitamin D is also essential for maintaining bone health, and its 
inadequate supply can lead to renal osteodystrophy, osteochondrosis, and hyperparathyroidism, 
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whereas an oversupply may cause ectopic calcification and increase cardiovascular risk. In patients 
with chronic kidney disease, monitoring vitamin D status and adjusting treatment regimens are key 
to managing mineral and bone abnormalities[20]. Bone conversion rate affects the cancellous and 
dense portions of the skeleton and is regulated by several factors, among which parathyroid hormone 
plays a key role in bone remodeling. In patients with CKD, the loss of cortical bone becomes 
particularly prominent in the long term due to a higher proportion of cortical bone and a sustained 
major effect of PTH on cortical bone, leading to thinning, cancellous and porous bones, which 
considerably increases the fragility of the skeleton, especially in long bones, where the integrity of 
cortical bone is crucial for skeletal health[45]. The inability to effectively regulate calcium and 
phosphorus levels due to decreased renal function leads to increased PTH secretion. Elevated 
parathyroid hormone promotes osteoblasts and osteocytes mediating indirect effects on osteoclast 
precursor cells and osteoclasts, thereby promoting their proliferation and differentiation and 
inducing bone resorption, while inhibiting osteoblasts' function, leading to a further decrease in bone 
mineral density and bone mass[48]. Parathyroid hormone regulates the signaling pathways of Bone 
Morphogenetic Protein (BMP), Transforming growth factor beta (TGFβ), and Wnts, thereby directing 
the differentiation of mesenchymal stem cells (MSCs). During bone resorption, the release and 
activation of stromal TGFβ recruits MSCs. MSCs differentiate into osteoblasts through signaling 
pathways including BMP, Wnt, Hedgehog and Notch[49]. 

 

Figure 3. Skeletal changes in CKD-MBD. Patients with chronic kidney disease face a higher risk of fracture due 
to impaired bone renewal. Metabolic abnormalities such as elevated blood phosphorus, decreased blood calcium 
and vitamin D deficiency interfere with bone mineralization and affect bone strength. Hyperphosphatemia 
inhibits bone mineralization while promoting soft tissue calcification, exacerbating kidney injury and CKD 
progression. Vitamin D deficiency can lead to renal osteodystrophy. Parathyroid hormone is critical in bone 
remodeling. Elevated PTH in CKD promotes bone resorption and inhibits osteoblast function, leading to 
decreased bone density. Bone morphogenetic protein (BMP), transforming growth factor β(TGFβ) and Wnts 
signaling pathways play a guiding role in osteoblast differentiation. Management of CKD-MBD requires an in-
depth understanding of abnormal bone turnover to improve bone health and prognosis through regulation of 
calcium-phosphorus balance, vitamin D supplementation, and control of secondary hyperparathyroidism. 

In the management of CKD-MBD, an in-depth understanding of bone conversion abnormalities 
is essential for the development of effective treatment strategies. By regulating calcium-phosphorus 
balance, supplementing with vitamin D and its analogs, and controlling sHPT, it is possible to 
ameliorate abnormal bone conversion, slow the progression of osteoporosis, and improve patients' 
bone health and overall prognosis. 

3. Vascular Calcification 
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Disturbed mineral metabolism in chronic kidney disease promotes the conversion of vascular 
smooth muscle cells to osteoblasts and the formation of calcium and phosphorus deposits in the 
vessel wall, known as vascular calcification. Vascular calcification is one of the major causes of 
cardiovascular complications in CKD patients[50]. It leads to vascular stiffness, vessel wall thickening 
and lumen narrowing, which in turn affects cardiovascular function and increases the risk of 
cardiovascular disease[4]. Osteoporosis, mineral quality abnormalities and vascular calcification 
often coexist in CKD patients and contribute to each other (Figure4)[51]. Osteoporosis and abnormal 
mineral quality lead to disturbances in calcium and phosphorus metabolism, which in turn promote 
vascular calcification. In turn, vascular calcification exacerbates the progression of disturbed mineral 
metabolism and osteoporosis[52]. These pathologic changes interact with each other and severely 
affect the quality of life and prognosis of patients[51]. In patients with CKD, vascular calcification is 
not only a manifestation of vascular pathology, but also a key factor contributing to increased 
cardiovascular events. The main event in vascular calcification is the transformation of vascular 
smooth muscle cells (VSMCs) into osteoblasts and chondrocyte-like cells. As CKD progresses, 
changes in the bone-vascular axis increase the risk of renal and myocardial fibrosis, left ventricular 
hypertrophy, fractures, vascular and soft tissue calcification, bone loss, and fractures, all of which 
increase morbidity and mortality in patients with CKD[50]. Disorders of mineral metabolism, 
inflammation, oxidative stress, and vascular endothelial dysfunction all play a crucial role in the 
development of vascular calcification. In particular, hyperphosphatemia and vitamin D 
abnormalities due to imbalances in calcium and phosphorus metabolism exacerbate vascular 
calcification by promoting osteoblastic phenotypic shifts in VSMCs[53–55]. In addition, patients with 
chronic kidney disease are often associated with secondary hyperparathyroidism, which further by 
increasing parathyroid hormone levels. PTH is a major regulator of the Receptor Activator of Nuclear 
Factor-κB (RANK)/RANK Ligand (RANKL)/Osteoprotegerin (OPG) system, which is essential for 
bone maintenance and plays an important role in vascular smooth muscle cell calcification. A new 
RANKL receptor, the leucine-rich repeat-containing G-protein-coupled receptor 4 (LGR4), is 
important for osteoblast differentiation. It has been found that high PTH increases LGR4 and RANKL 
and decreases the expression of OPG in the aorta, thereby favoring vascular calcification[56]. In 
addition to RANKL, LGR4 also interacts with R-spondins (RSPO). New studies have found that 
RSPOs have little effect on VSMC calcification, but rather RANKL interacts with LGR4 to drive VSMC 
osteogenic differentiation[57]. Vascular calcification increases arterial stiffness and diminishes 
vascular adaptation to hemodynamic changes, leading to increased left ventricular load and 
myocardial ischemia, ultimately increasing the risk of cardiovascular events. Therefore, vascular 
calcification is not only an important predictor of cardiovascular complications in patients with CKD, 
but also a key factor affecting patient prognosis.  
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Figure 4. Effect of vascular calcification in CKD-MBD. Chronic kidney disease patients are often associated with 
disturbances in mineral metabolism, leading to the conversion of vascular smooth muscle cells to osteoblasts 
and the formation of vascular calcification, a process that increases the risk of cardiovascular events. Vascular 
calcification is associated with osteoporosis and mineral quality abnormalities, exacerbating the condition of 
CKD patients. Hyperphosphatemia promotes the phenotypic shift of vascular smooth muscle cells to osteoblasts, 
exacerbating vascular calcification. Secondary hyperparathyroidism further promotes vascular calcification by 
affecting the RANK/RANKL/OPG system through PTH. Vascular calcification is an important predictor of 
cardiovascular complications in CKD patients and has a significant impact on patient prognosis. 

Diagnostic Methods 

The diagnosis of CKD-MBD begins with a thorough clinical evaluation of the patient, including 
detailed history taking and physical examination. Laboratory tests play a central role in the diagnosis 
of CKD-MBD. Serum levels of calcium, phosphorus, and parathyroid hormone are important 
indicators for assessing a patient's bone metabolic status. Abnormal serum calcium levels are usually 
associated with hypocalcemia or hypercalcemia, whereas elevated phosphorus levels may indicate 
the risk of bone disease and vascular calcification. Abnormally elevated levels of PTH, a key hormone 
that regulates calcium and phosphorus homeostasis, are usually associated with secondary 
hyperparathyroidism[58,59]. 

In addition to traditional biochemical markers, novel biomarkers such as fibroblast growth 
factor 23 (FGF23), osteoprotegerin, and osteocalcin (OC) have provided new perspectives for the 
diagnosis and treatment of CKD-MBD. A case-cohort study demonstrated a linear correlation 
between FGF23 and fracture incidence, while α-Klotho, PTH, and phosphate levels were u-correlated 
with it[60]. Elevated levels of FGF23 are associated with an increased risk of cardiovascular events in 
patients with CKD. In progressive CKD, elevated circulating FGF23 levels combine with decreased 
renal klotho expression to result in klotho-independent effects of FGF23 on the heart, promoting left 
ventricular hypertrophy, heart failure, atrial fibrillation and death[61]. Osteoprotegerin (OPG) is a 
soluble RANKL decoy receptor produced primarily by osteoblasts that reduces bone resorption by 
preventing osteoclast formation and osteoclast bone resorption through inhibition of RANKL-
RANKL receptor interactions[62]. A growing body of data suggests that OPG is involved in the 
regulation of vascular endothelial cell function. Under basal conditions, OPG is present in vascular 
endothelial cells and vascular smooth muscle cells (VSMCs) and is significantly increased in response 
to various stimuli ( for example, cytokines or hormones). TNF-alpha and interleukin-1beta (IL-1B) 
are strong stimulators of OPG production in endothelial cells and VSMCs. These cytokines can 
increase OPG expression 5-40-fold[63]. Osteocalcin (OC), on the other hand, is a non-collagenous 
protein secreted by osteoblasts, which is involved in the process of bone matrix mineralization and 
is a sensitive indicator of the rate of bone formation. Wei-Chen Lin et al. took blood biochemical 
studies of fasting blood samples from renal transplant recipients and found that osteocalcin 
concentration was negatively correlated with lumbar spine bone density in renal transplant 
recipients[64]. In addition, measurements of Alkaline Phosphatase (ALP) and Bone-specific alkaline 
phosphatase (BALP) are useful in assessing bone metabolic status. ALP is an independent risk marker 
for cardiovascular disease and death in the general population and in CKD. The hydrolytic activity 
of ALP regulates the mineralization inhibitor PPi, which plays a central role in mechanisms of 
dysregulated calcium phosphate metabolism, inflammation, osteogenic gene expression, and 
transdifferentiation of vascular smooth muscle cells. The ability of these circulating bone markers to 
replace bone biopsy in the clinical setting has been repeatedly examined[65]. 

Traditional techniques such as X-ray, CT scan and MRI have been widely used to evaluate bone 
structure. With advances in technology, imaging techniques such as dual-energy X-ray 
absorptiometry (DXA) and high-resolution peripheral quantitative computed tomography (HR-
pQCT) have provided a more accurate bone assessment for the diagnosis of CKD-MBD. DXA is 
commonly used to assess bone density, while HR-pQCT provides detailed information about bone 
microarchitecture[66,67]. MRI is uniquely suited to assess soft tissue and vascular calcification[68]. 
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Bone quality can be assessed by non-invasive methods such as Trabecular Bone Score (TBS), high-
resolution bone imaging methods and invasive bone biopsy[69]. In some cases, a bone biopsy may 
be necessary to directly assess bone tissue, especially if the bone disease is considered to be poorly 
responsive to treatment or if other bone diseases need to be excluded. Bone biopsy can provide 
detailed information about bone mineralization, bone formation, and bone resorption[70]. The 
summary summarizes the diagnostic methods of CKD-MBD in Table 2. In conclusion, early diagnosis 
and treatment of CKD-MBD is essential to slow the progression of CKD and improve patient 
prognosis.  

Table 2. Summary of diagnostic methods for CKD-MBD. 

Styles Mechanisms Effects  Refs. 

FGF23 Increases in circulating 

FGF23 levels combined 

with decreases in renal 

klotho expression lead to 

klotho-independent effects 

of FGF23 on the heart. 

Left ventricular hypertrophy, heart 

failure, atrial fibrillation and death. 

[61] 

Osteoprotegerin Inhibits RANKL-RANKL 

receptor interaction to 

prevent osteoclast 

formation and osteoclast 

bone resorption. 

Reduces bone resorption. [62] 

Osteocalcin Participates in the 

mineralization of bone 

matrix and is a sensitive 

indicator of the rate of bone 

formation. 

Negative correlation with lumbar 

spine bone density in kidney 

transplant recipients. 

[64] 

Alkaline Phosphatase Hydrolytic activity of ALP 

regulates the 

mineralization inhibitor 

PPi. 

Regulates dysregulation of calcium 

phosphate metabolism, inflammation, 

osteogenic gene expression, and 

transdifferentiation of vascular 

smooth muscle cells. 

[65] 

Dual-energy X-ray 

absorptiometry 

Areal BMD measurements. Assess Bone Density. [66] 

High-resolution 

peripheral quantitative 

computed tomography 

Trabecular architecture 

Volumetric BMD. 

Detailed information on bone 

microstructure. 

[66,67] 

MRI Cortical porosity Marrow 

perfusion, and molecular 

diffusion. 

Provides unique advantages in 

assessing soft tissue and vascular 

calcifications. 

[68] 

Trabecular Bone Score Lumbar Spine DXA 

Images. 

Assesses the condition of bone 

microarchitecture. 

[69] 
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Bone biopsy Observes and analyzes 

bone tissue samples 

directly. 

Provides detailed information on 

bone mineralization, bone formation 

and bone resorption. 

[69,70] 

Clinical Management and Treatment 

1. Development of Therapeutic Strategies to Maintain Calcium and Phosphorus Balance 

Patients with CKD-MBD should follow a low-phosphorus diet to minimize phosphorus intake, 
which usually includes limiting high-phosphorus foods. It is recommended that people with CKD 
avoid excessive amounts of dietary protein, mixing animal and vegetable proteins, and avoid 
processed foods rich in phosphate-containing additives. In contrast, only 50% of the 
organophosphates in vegetables and about 70-80% of the organophosphates in animal protein-rich 
products are absorbed[71]. In addition to dietary modifications, additional treatments may be 
needed. This may include vitamin D supplements to promote calcium absorption and calcium 
supplements to maintain blood calcium levels. However, calcium supplements need to be used with 
caution to avoid the risk of hypercalcemia. Calcium supplements are commonly used in the treatment 
of CKD-MBD, especially in cases of hypocalcemia or hyperphosphatemia. The use of calcium agents 
needs to be individualized according to the patient's blood calcium and blood phosphorus levels[72]. 
In a multicenter double-blind randomized clinical trial, Obi Y et al. studied the effect of oral 
cholecalciferol supplementation on serum ferritin and parameters related to anemia and CKD-MBD 
in hemodialysis patients and found that supplementation with cholecalciferol increased serum 
ferritin-25 levels in hemodialysis patients in the short term and may increase erythropoietin 
resistance in the long term[73]. Phosphate-binding agents are a class of drugs that bind to phosphate 
in the gut and reduce its absorption, and these drugs are critical for controlling hyperphosphatemia. 
A post hoc analysis of a randomized phase 3 study evaluating the effect of 1 year of treatment with 
the phosphate-binding agents iron hydroxide or sevelamer carbonate (sevelamer) on the CKD-MBD 
index in dialysis patients with hyperphosphatemia found that 1 year of treatment with iron 
hydroxide or sevelamer not only substantially reduced serum phosphorus levels, but also 
significantly reduced serum FGF23[74]. Tenapanor, a novel selective inhibitor of the intestinal 
sodium/hydrogen exchanger 3 transporter protein, was found to result in an adequate reduction in 
serum phosphorus levels when administered in a phase 3 clinical trial and was considered safe and 
tolerable[75]. Although phosphate binders are used to reduce phosphate, the effects of specific 
phosphate-binding agent types on vitamin D metabolism were found to be inconsistent by Ginsberg 
C et al. 24,25-dihydroxyvitamin D and vitamin D metabolite ratio (VMR) were increased in the 
calcium acetate group, and 24,25-dihydroxyvitamin D3 and vitamin D metabolite ratio (VMR) were 
decreased in the sevelamer carbonate group, respectively[76]. However, in a study of cats, a 
magnesium-rich phosphate-restricted diet (PRD) was found to further stabilize plasma FGF23 and 
prevent hypercalcemia, suggesting that a magnesium-rich PRD is a novel therapeutic strategy[77]. 
Further studies are therefore necessary to evaluate the effects of other phosphate-lowering drugs, 
including iron-based phosphate binders, on vitamin D metabolism as well as on clinical outcomes 
including fractures and vascular calcification. 

2. Therapeutic Advances in Controlling PTH Levels 

Secondary hyperparathyroidism is a common complication in patients with chronic kidney 
disease and is characterized by persistent abnormally elevated parathyroid hormone levels. 
Treatment to control PTH levels is critical because SHPT is associated with a variety of adverse 
clinical outcomes, including osteodystrophy, vascular calcification, and cardiovascular events. 
Pharmacologic therapy is preferred in the treatment of SHPT and includes the use of vitamin D 
analogs, calcimimetics, and phosphorus binding agents[78]. Parathyroidectomy (PTX) is an effective 
treatment for patients for whom pharmacologic therapy is ineffective. Surgery can effectively reduce 
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PTH levels, improve the calcium and phosphorus metabolic status of patients, and reduce the risk of 
bone disease and vascular calcification[79]. 

Cinacalcet, a calcium-sensitive receptor agonist that treats SHPT by decreasing PTH secretion, 
has been shown to significantly reduce blood calcium and blood phosphorus levels without 
increasing alkaline phosphatase (ALP) levels[80]. Wang AY et al. found in a randomized controlled 
trial that both oral cinacalcet and parathyroidectomy were effective in improving a variety of 
biochemical abnormalities in CKD-MBD, but did not reduce left ventricular mass, coronary artery 
and cardiac valve calcification, or arterial stiffness in patients with advanced SHPT, nor did they 
improve patient-centered HRQOL measures. However, the conclusions ultimately suggest that 
cinacalcet may be used as an alternative to surgery for advanced SHPT[81]. Etelcalcetide reduces 
parathyroid hormone levels in hemodialysis (HD) patients. A recent study, analyzed by the 
cumulative incidence of discontinuation method and linear generalized estimating equations for 
trajectory analysis, found a substantial and sustained reduction in patients' PTH levels over the 12 
months following initiation of etelcalcetide. This supports the utility of etelcalcetide as an effective 
therapy for CKD-MBD[82]. Tsujita M's study found that cholecalciferol significantly reduced whole 
PTH concentrations compared to placebo, suggesting a significant role in the treatment of SHPT[83]. 
Pharmacologic therapy may have limitations, such as price issues and intolerable side effects for 
patients, which may limit its widespread use. Surgery also has certain risks and contraindications, 
such as being contraindicated in advanced patients with combined renal failure or those with 
parathyroid cancer that has developed distant metastases. When formulating a treatment strategy, 
physicians need to consider the patient's overall condition, PTH level, calcium and phosphorus 
metabolism status, and complications. In addition, postoperative management is also important, and 
the patient's calcium and phosphorus levels need to be closely monitored and the treatment regimen 
needs to be adjusted in order to maintain the balance of mineral metabolism. 

3. Progress in the Maintenance of Bone Health 

Bone health is an important public health issue, especially in patients with CKD, where the 
prevalence of osteoporosis is significantly increased. Therapeutic strategies for osteoporosis need to 
be directed not only at improving BMD but also include overall fracture risk management. Dudar I 
et al. demonstrated the efficient role of etelcalcetide in the treatment of SHPT in hemodialysis patients 
in a prospective study and showed that treatment of SHPT with etelcalcetide improved clinical 
outcomes such as high incidence of fractures[84]. Tsujita M's study found that 4000 IU/d 
cholecalciferol not only significantly reduced PTH levels, but also attenuated lumbar spine bone 
mineral density loss after kidney transplantation. Additionally the authors noted that this regimen 
has the potential to eliminate vitamin D deficiency and can also have beneficial effects on bone health 
under glucocorticoid therapy[83]. In a prespecified secondary endpoint analysis of a 48-week 
randomized, placebo-controlled, double-blind trial, Stathi D et al. found that in patients with type 2 
diabetes mellitus (T2DM) and stage 3 CKD, osteotriol reduced levels of CTX, OCN, PINP, and 
iPTH[85]. A study by Ketteler M et al. found that 1 year of treatment with ferric hydroxide or 
sevelamer not only drastically reduced serum phosphorus and FGF23 levels, but also found an 
increase in the levels of bone formation markers in the later stages of treatment, which was associated 
with a clinical benefit in patients with CKD-MBD[74]. A post hoc analysis of data from a 12-month 
randomized, double-blind, phase III study by Sugimoto T et al. found that once-monthly 
administration of risedronate 75 mg tablets showed consistent safety and efficacy in inhibiting bone 
turnover and increasing BMD in Japanese patients with mild-to-moderate chronic kidney disease-
primary osteoporosis[86]. Metabolic acidosis associated with CKD may lead to muscle dysfunction 
and bone disease. Melamed ML et al. tested whether sodium bicarbonate therapy improved muscle 
and bone outcomes. Sodium bicarbonate treatment in patients with CKD stages 3 and 4 was found 
to significantly increase serum bicarbonate and decrease potassium levels, but no differences were 
found in muscle function or bone mineral density between randomly assigned groups. Larger trials 
are therefore needed to assess the effects on renal function[87]. In addition, management of 
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osteoporosis involves lifestyle modifications such as appropriate physical activity, smoking 
cessation, alcohol restriction, and calcium and vitamin D supplementation to support bone health. 

4. Advances in the Prevention and Treatment of Vascular Calcification 

Vascular calcification is a common and serious complication in patients with chronic kidney 
disease, and it is strongly associated with an increased risk of cardiovascular events in patients. 
Strategies adopted to prevent and treat vascular calcification include strict management of traditional 
cardiovascular risk factors, which involves control of conditions such as hypertension, diabetes, and 
dyslipidemia. In terms of dietary management, a recent study by Goraya N and colleagues found 
that in patients with chronic kidney disease, treatment with either base-rich fruits and vegetables or 
oral sodium bicarbonate improved metabolic acidosis to some extent and kept estimated glomerular 
filtration rate (eGFR) stable. However, increased intake of fruits and vegetables performed better in 
improving cardiovascular disease risk markers compared with sodium bicarbonate therapy, 
suggesting that dietary modification, particularly increased intake of alkaline foods, may be a more 
effective treatment option for reducing cardiovascular disease risk[88]. In addition, targeting CKD-
specific risk factors, such as disorders of mineral metabolism and inflammation, are keys to reducing 
cardiovascular risk[89]. New vasoprotective therapeutic approaches are being explored, including 
the use of vitamin K antagonists, phosphorus-binding agents, and FGF23 inhibitors, aimed at 
preserving vascular health by modulating calcium and phosphorus metabolism and inhibiting the 
vascular calcification process[90]. Serum Klotho is thought to have heart and kidney protective 
effects, and altering its levels may be important in chronic kidney disease. Milovanova LY et al. found 
that successful control of parathyroid hormone levels with vitamin D receptor activators was 
associated with higher serum Klotho, with selective drugs showing a greater effect, suggesting that 
long-term treatment with selective vitamin D receptor activators may help prevent cardiovascular 
calcification by altering Klotho levels[91]. Supplementation with vitamin K2, particularly its most 
potent form, MK7, has been shown to reduce circulating levels of dephosphorylated uncarboxylated 
matrix gamma-carboxyglutamate proteins in patients with end-stage renal disease, which may be 
beneficial in cardiovascular disease[92]. It has also been shown that MK7 has a beneficial role in 
reducing the rate of progression of arterial stiffness in diabetic patients on chronic hemodialysis[93]. 
Magnesium and phosphate are both considered modulators of vascular calcification and chronic 
inflammation, both features of CKD that contribute to arterial stiffness. In a multicenter, placebo-
controlled, randomized controlled trial, magnesium citrate supplementation and phosphate-
lowering therapy were found to be a combined intervention with iron hydroxide in patients with 
stage 3-4 CKD who did not have significant hyperphosphatemia, and the results of this combined 
intervention may be useful for future early interventions in patients with CKD in order to reduce the 
risk of cardiovascular disease and death[94]. Magnesium inhibits vascular calcification, which is 
exacerbated by the uremic toxin indole sulfate. Sakaguchi Y et al. evaluated the efficacy of 
magnesium oxide and the oral carbon adsorbent AST-120 in slowing the progression of coronary 
artery calcification in CKD. It was found that the median change in coronary artery calcification 
scores was significantly smaller in MgO compared to controls, while the percentage change in 
coronary artery calcification scores was not significantly different between the AST-120 and control 
groups[95]. Aldosterone is thought to enhance the progression of vascular calcification, and a clinical 
study has further investigated the role of aldosterone inhibition by spironolactone, a hydrocorticoid 
receptor antagonist, on vascular calcification in CKD, and found that spironolactone treatment 
improved the propensity for vascular calcification in patients undergoing hemodialysis in the 
MiREnDa trial[96]. In a randomized controlled study, Gao Y et al. found that oral activated charcoal 
was effective in delaying the onset of hyperphosphatemia in patients with chronic kidney disease 
and appeared to delay the development of vascular calcification in patients with stage 3-4 CKD[97]. 

In conclusion, CKD-MBD patients are categorized into four major groups clinically based on the 
pathological features of CKD-MBD (Figure5). We summarize the clinical management and treatment 
of the above four articles in Table 3. 
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Figure 5. CKD-MBD clinical management program. CKD-MBD patients are categorized into four major groups 
clinically based on the pathological features of CKD-MBD, including regulation of calcium-phosphorus 
metabolic balance, regulation of PTH levels, maintenance of bone health, and prevention and treatment of 
vascular and soft tissue calcification. 

Table 3. Management and treatment of CKD-MBD. 

Treatments Ways  Influences Refs. 

Cholecalciferol 

supplementation 

Oral Increasing serum ferritin-25 levels in 

hemodialysis patients in the short term and 

erythropoietin resistance in the long term, 

reducing whole PTH concentrations, suggesting a 

significant role in the treatment of SHPT, 

attenuating mineral density loss in lumbar 

vertebrae after renal transplantation and 

eliminating vitamin D deficiency. 

[73,83] 

Phosphate-binding 

agents iron hydroxide or 

sevelamer carbonate 

Oral Reducing serum phosphorus levels, but also 

significantly reducing serum FGF23, rising levels 

of bone formation markers. 

[74] 

Tenapanor Oral Reducing phosphorus levels in serum.  [75] 

A magnesium-rich 

Phosphate-restricted diet 

Oral Stabilizing plasma FGF23 and prevent 

hypercalcemia. 

[77] 

Cinacalcet Oral Decreasing PTH secretion to treat SHPT and 

lowering blood calcium and phosphorus levels 

without increasing alkaline phosphatase. 

[80] 

Etelcalcetide Intravenous 

injection 

Reducing parathyroid hormone levels in 

hemodialysis patients, declining fracture 

incidence. 

[82,84] 

Risedronate Sodium Oral Suppressing Bone Conversion and Increasing 

BMD in Japanese Patients with Mild to Moderate 

Chronic Kidney Disease Primary Osteoporosis. 

[86] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 May 2025 doi:10.20944/preprints202505.0470.v1

https://doi.org/10.20944/preprints202505.0470.v1


 15 of 25 

 

Sodium bicarbonate Oral or 

intravenous 

injection 

Increasing serum bicarbonate and decreasing 

potassium levels, Improving metabolic acidosis 

and stabilizing estimated glomerular filtration 

rate. 

[87,88] 

Vitamin D Receptor 

Activator 

Oral or inject Controlling parathyroid hormone levels and 

higher serum Klotho. 

[91] 

Vitamin K2 Oral Decreasing circulating levels of 

dephosphorylated uncarboxylated matrix 

gamma-carboxyglutamate protein and decreasing 

progression of arterial stiffness in diabetic 

patients on chronic hemodialysis were shown in 

patients with end-stage renal disease. 

[92,93] 

Spironolactone Oral Improving vascular calcification. [96] 

Activated Carbon Oral Delaying the onset of hyperphosphatemia in 

patients with chronic kidney disease and 

delaying the development of vascular 

calcification in patients with stage 3-4 CKD. 

[97] 

Emerging Research and Future Directions 

Precision medicine is an important direction for the future development of CKD-MBD 
treatment. Through precision medicine, patients can be provided with more personalized and 
effective treatment plans. Precision medicine provides personalized treatment by taking into account 
the patient's genetic background, lifestyle and disease characteristics (Figure6). Adam E Gaweda et 
al. combined quantitative systems pharmacology (QSP) methodology with machine learning, 
especially reinforcement learning (RL), to simulate in Matlab the simultaneous administration of a 
phosphate-binding agent, a vitamin D analog, and a calcimimetic to achieve serum calcium, 
phosphorus, and parathyroid hormone prescribed targets. Computer simulation results show that 
the application of QSP modeling in combination with RL can be used to achieve therapeutic goals 
more efficiently and rapidly, even in simulated subjects with poor adherence to medication, and to 
identify key decision variables for treatment recommendations[98]. Despite the great potential of 
precision medicine in the treatment of CKD-MBD, it also faces several challenges. First, precision 
medicine requires a large amount of individualized data and complex analysis methods, which puts 
higher demands on clinical practice. Second, the implementation of precision medicine requires 
multidisciplinary cooperation and coordination, which puts higher demands on medical resources 
and professionals. In addition, the ethical and legal issues of precision medicine need to be further 
explored and resolved. In order to realize precision therapy, the exploration of biomarkers and the 
application of multi-omics technologies are indispensable. 
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Figure 6. Precision medicine is an emerging future research direction for CKD-MBD. By integrating 
transcriptomics, proteomics and metabolomics, more biomarkers can be explored and more valuable biomarkers 
can be used for drug therapy research to realize precise targeted therapy and bring better prognosis. 

1. Biomarker Research: Clinical Value and Research Progress of Novel Biomarkers 

Biomarkers are of great significance in the research of various diseases, and they can be used for 
early diagnosis of diseases, monitoring of treatment response, assessment of disease progression and 
prognosis. Through the study of biomarkers, the key processes of disease occurrence and 
development can be identified more precisely, and personalized solutions can be provided for the 
treatment of diseases. 

In the study of CKD-MBD, the discovery and validation of novel biomarkers have provided new 
tools for early diagnosis and therapeutic monitoring of CKD-MBD. Biomarkers such as FGF23 and 
fibroblast growth factor receptor (FGFR) have been shown to be closely associated with mineral 
metabolism and bone health in CKD-MBD[34,99]. In a Meta-analysis, Liu C et al. found that five 
plasma biomarkers including FGF23 showed high correlation in assessing the prognosis of CKD 
patients, namely TNFR1, FGF23, TNFR2, KIM-1 and suPAR[100]. In recent years, Graziella D'Arrigo 
et al. investigated the association of CKD-MBD biomarkers with composite renal outcomes in 
patients with stage 2-5 CKD, and found that PTH was the only variable that showed a linear increase 
over time and was directly correlated with the same outcomes, suggesting that PTH is an important 
biomarker for CKD-MBD[101]. A study by Laster M et al. found elevated serum sclerostin levels in 
both early and advanced CKD and identified sclerostin as a potential biomarker or therapeutic target 
in pediatric renal osteodystrophy[102]. A study by Ouyang L et al. found that ALKBH1-mediated 
DNA N6-methyladenine demethylation modification promotes vascular calcification in chronic 
kidney disease through osteogenic reprogramming, suggesting that ALKBH1 may also be a 
biomarker for CKD-MBD[103]. Li W et al. found that SIRT6 inhibits osteogenic transdifferentiation 
of vascular smooth muscle in chronic kidney disease through the regulation of Runx2, which 
provides a potential target for VC therapy in CKD patients[104]. 

2. Application of Multi-Omics Technologies: Genomics, Proteomics and Metabolomics in CKD-MBD 
Research 

The use of histologic techniques in disease research is becoming widespread, and multiple 
histologies can complement each other to provide a comprehensive understanding from genes to the 
final phenotype. Genomics can identify disease-associated genes, transcriptomics can reveal the 
regulation of the expression of these genes, proteomics can study how the proteins encoded by these 
genes are involved in the disease process, and metabolomics can reflect the impact of these changes 
on cellular metabolism. By integrating these histologic data, a more comprehensive understanding 
of the molecular mechanisms of disease can be achieved, providing a scientific basis for disease 
prevention, diagnosis and treatment. 
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The application of multi-omics research techniques in CKD-MBD has taken off. Proteomics and 
metabolomics studies have contributed to the discovery of biomarkers and therapeutic targets in 
CKD-MBD, and Taherkhani A et al. summarized the potential biomarkers for each chronic kidney 
disease subtype of disease analyzed by proteomics and metabolomics[105]. Si et al. revealed 32 
proteins associated with CKD, renal function, or certain CKD clinical types by integrating the plasma 
proteome and transcriptome[106]. Through proteomic analysis, changes in protein expression and 
modification associated with CKD-MBD can be found, thus providing new clues for disease 
diagnosis and treatment. Using SomaScan V.4.0 (SomaLogic, Boulder, CO), a large-scale aptamer 
proteomic platform, the largest proteomic analysis of CKD progression to date has revealed multiple 
individual protein risk factors for CKD progression that have not been previously described. Drug 
targets in protein risk models and important MR Findings may provide momentum for the 
development of therapies, and biological pathways and individual proteins have been identified, 
including BMP antagonists, liver ligand signaling, and prothrombin activation[107]. Genomics and 
metabolomics in metabolite genome-wide association analysis is used to elucidate the underlying 
mechanisms of human metabolism, and Köttgen A et al. argued that genome-wide association 
analysis of metabolites using quantified metabolite concentrations from blood and/or urine can better 
elucidate the physiological and pathophysiological functions of the kidney and provide more 
resolved pathways for the study of CKD pathogenesis[108]. Recent studies have shown that by 
integrating data from different histologic levels, scientists are able to understand the 
pathophysiological process of CKD-MBD more comprehensively. Shen J et al. explored the effects 
and mechanisms of salt dulcimer cortex on CKD-MBD by integrating network pharmacology, 
transcriptomics, and metabolomics, and found that salt dulcimer cortex is highly likely to be effective 
in alleviating the negative effects of CKD-MBD on renal injury and bone damage induced in 5/6 
nephrectomy-induced mice on a low-calcium/high-phosphorus diet through the PPARG/AMPK 
signaling pathway[109]. 

In conclusion, future studies need to further explore integrated analysis methods of multi-omics 
data, discover more biomarkers, and apply them to clinical practice to achieve accurate diagnosis and 
treatment of CKD-MBD. 

Conclusion 

Chronic Kidney Disease-Mineral and Bone Disorders (CKD-MBD) is a complex cluster of clinical 
conditions characterized by abnormalities in mineral metabolism and bone lesions. In recent years, 
significant progress has been made in the study of CKD-MBD, particularly in understanding its 
pathophysiologic mechanisms. The complex interactions of FGF23 with phosphate regulation, 
abnormalities in vitamin D metabolism, and the role of parathyroid hormone in bone 
metabolism[9,45]. The discovery of novel biomarkers provides new tools for early diagnosis and risk 
stratification. These biomarkers help to more accurately assess disease activity and fracture risk in 
patients with CKD-MBD. The detection of new biomarkers has gradually become part of routine 
clinical practice, helping physicians to recognize and intervene in the disease earlier[58,110]. In 
addition, a deeper understanding of calcium and phosphorus metabolism and parathyroid hormone 
has facilitated the development of therapeutic regimens, including the use of vitamin D analogs, 
phosphate-binding agents, calcimimetics, parathyroidectomy, and novel agents such as cinacalcet. 
Optimization of these therapeutic strategies has helped to improve the mineral metabolic status of 
patients, reduce the risk of cardiovascular events, and improve quality of life[111,112]. However, 
challenges remain in clinical practice: individualization of treatment regimens, adherence to long-
term treatment, and monitoring of treatment effects. Despite the advances in CKD-MBD research, 
there are still limitations in existing studies. First, many studies have limited sample sizes, which may 
affect the generalizability and extrapolation of results. Second, there may be differences in results 
between studies, which may be related to differences in study design, patient populations, and 
interventions. In addition, the relative lack of long-term follow-up studies limits understanding of 
the natural history of the disease and long-term assessment of treatment effects. Therefore, future 
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studies need larger sample sizes, more rigorous study designs, and longer-term follow-up to provide 
higher levels of evidence. 

The management of CKD-MBD is a major challenge in current medicine. Despite the availability 
of global and regional guidelines, the majority of CKD patients are still affected by CKD-MBD 
abnormalities. The management of CKD-MBD requires a comprehensive consideration of the 
patient's mineral metabolic status, bone lesions, and cardiovascular risk[113]. Current therapeutic 
strategies focus on regulating mineral metabolism and suppressing hyperparathyroidism[20]. 
However, these treatments often have limitations, such as narrow therapeutic windows, side effects, 
and patient compliance issues. Therefore, future management strategies need to be more 
personalized and precise to improve patients' quality of life and improve prognosis. International 
collaboration and knowledge sharing are important in advancing CKD-MBD research and treatment. 
Through collaborative research and data sharing on a global scale, new biomarkers and therapeutic 
targets can be identified more quickly, accelerating the clinical application of new therapies. In 
addition, international collaboration can help to develop more uniform diagnostic and treatment 
guidelines and standards, and improve the treatment outcomes of CKD-MBD patients 
worldwide[114]. Future CKD-MBD research should delve into the molecular mechanisms of the 
disease, including disorders of mineral metabolism, bone lesions, and interactions with 
cardiovascular disease. These studies will help us to more fully understand the complexity of CKD-
MBD and provide a theoretical basis for the development of new treatments. Clinical application and 
evaluation of the efficacy of new treatments will also be a focus of future research. This includes 
improvements to existing treatments, clinical trials of new drugs, and the development of 
personalized medicine strategies. Rigorous clinical studies will allow us to evaluate the safety, 
efficacy and cost-effectiveness of these new treatments to ensure that they can be widely used in the 
clinic and provide real benefits to people with CKD-MBD. 

In conclusion, the management of CKD-MBD requires continuous exploration and innovation. 
By improving our understanding of disease mechanisms, developing new therapeutic strategies, and 
collaborating and sharing knowledge internationally, we can expect to improve the quality of life and 
prognosis of CKD-MBD patients in the future.  
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