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Chronic kidney disease-mineral and 
bone disorder (CKD-MBD) represents 
a complex systemic syndrome linking 
mineral metabolism abnormalities 
with extra-skeletal calcification 
and profound bone fragility. Whilst 
traditionally viewed through the lens 
of hormonal dysregulation involving 
parathyroid hormone (PTH) and 
fibroblast growth factor-23 (FGF-
23), emerging evidence highlights 
the pivotal role of immune-metabolic 
crosstalk in driving pathology. This 
overview considers how accumulated 
uremic toxins, such as indoxyl sulfate 
and p-cresyl sulfate, act as the potent inflammatory mediators that critically and directly disrupt 
the bone-vascular axis. These toxins trigger chronic low-grade inflammation by activating innate 
and adaptive immune cells, including macrophages and T-lymphocytes, which subsequently alter 
osteoblast and osteoclast function through pro-inflammatory cytokine release. Concurrently, 
metabolic disturbances characterized by oxidative stress and mitochondrial dysfunction exacerbate 
vascular smooth muscle cell (VSMC) transdifferentiation into osteogenic phenotypes, directly 
promoting arterial calcification. Then, the interplay between immune activation and metabolic 
reprogramming creates a vicious cycle where accelerated bone resorption releases minerals that 
deposit in the vasculature, further worsening cardiovascular outcomes. Meanwhile, the distinction 
between renal bone disease and vascular calcification blurs, unified by shared inflammatory pathways 
and metabolic derangements involving NF-κB signaling and RANKL pathways. Identification of 
these mechanistic links is necessary for developing novel therapeutic strategies beyond conventional 
phosphate binders. Targeting specific uremic toxins or modulating immune-metabolic signaling 
pathways offers highly significant promise. Finally, addressing the inflammatory milieu induced by 
uremia may mitigate the high cardiovascular mortality associated with CKD-MBD, necessitating a 
paradigm shift towards integrated immune-metabolic interventions in contemporary nephrology 
practice to improve overall patient survival and reduce fracture risk significantly.
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Introduction
Increasing numbers of cross-sectional studies in 
general populations and in patients with chronic kidney 
disease (CKD) or end-stage renal disease have reported 
associations between cardiovascular calcifications and 
bone disorders, such as osteoporosis, osteopenia, and 
varying bone activity (1). The mechanisms underlying this 
bone-cardiovascular axis and the biological connections 
between bone and arterial abnormalities suggest a bone-
vascular cross-talk (1). The precise nature of these links 
is not fully understood but may arise from common 
factors affecting both bone remodeling and arterial 
calcification, compromised bone blood supply leading 
to arteriosclerosis of bone vessels and reduced perfusion, 
and/or direct actions of bone cells on vascular biology 
and structure (2). Inflammation and the accumulation of 
reactive oxygen species are the primary common pathways 
linking bone and arterial pathologies. (3) Uremic toxins 
play an important role in the bone-vascular axis in CKD, 
contributing to endothelial cell dysfunction, oxidative 
stress, and excessive inflammation (4). Patients with 
advanced CKD experience an accumulation of uremic 
toxins, a condition driven by reduced kidney function 
and altered gene expression that leads to increased 
metabolite generation. These toxins disrupt various 
biological functions of cells and organs, contributing to 
chronic inflammation and other adverse effects that can 
damage tissues (5). Uremic toxins have been implicated 
in significant changes to vascular smooth muscle cells 
and other alterations that result in vascular calcification 
and early vascular aging. Vascular calcification and 
early vascular ageing are prominent clinical features 
in CKD patients and contribute significantly to their 
high cardiovascular mortality (6). Uremic toxins 
are compounds that exert biological actions and are 
retained in patients with renal failure, although healthy 
kidneys would normally excrete them into the urine. 
Few retention solutes precisely fit the strict definition of 
uremic toxins (7). Uremic solutes can be categorized into 
small water-soluble compounds, small protein-bound 
compounds, and middle molecules. Most small water-

soluble compounds are not highly toxic, and the toxic 
ones often exhibit kinetic behavior different from that of 
urea (8). The uremic solutes involved in inflammation 
and cardiovascular complications are frequently middle 
molecules and/or protein-bound compounds. Patients 
with chronic renal failure face a high risk of severe adverse 
outcomes, including progressive kidney function loss, 
cardiovascular disease, and premature death (9). Chronic 
kidney disease -mineral and bone disorder (CKD-MBD) 
is a clinical syndrome characterized by a systemic disorder 
of bone and mineral metabolism due to CKD, presenting 
with abnormalities in bone and mineral metabolism 
(10). Alterations in calcium and phosphate metabolism, 
commonly observed in secondary hyperparathyroidism of 
uremia, particularly in patients undergoing maintenance 
hemodialysis, contribute to ectopic calcification, 
cardiovascular disease, and an increased risk of mortality 
(11). This overview talks on the immune-metabolic 
crosstalk in CKD-MBD by considering uremic toxins, 
inflammation, and bone-vascular axis dysregulation.

Search strategy
For this review, we performed a literature search across 
multiple databases, including PubMed, Google Scholar, 
the Directory of Open Access Journals (DOAJ), Web 
of Science, EBSCO, Scopus, and Embase. The search 
strategy employed a variety of relevant keywords, such 
as ‘secondary hyperparathyroidism’, ‘chronic kidney 
disease’, ‘parathyroid hormone’, ‘uremia’, ‘fibroblast growth 
factor-23’, ‘vascular smooth muscle cell’, ‘end-stage renal 
disease’, ‘CKD-MBD’ and ‘vascular calcification’.

Mechanistic impact of skeletal–vascular remodeling in 
CKD
Chronic kidney disease progressively impairs renal 
excretion of phosphate and a broad spectrum of protein-
bound and middle-molecule uremic solutes (12). Among 
these, the gut microbiota–derived toxins indoxyl sulfate 
and p‑cresyl sulfate are particularly relevant to CKD-
MBD, since they accumulate early, bind avidly to plasma 
proteins, are poorly dialyzable, and exert pleiotropic 
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effects on immune, vascular, and bone cells (13). Indoxyl 
sulfate and p‑cresyl sulfate originate from bacterial 
fermentation of dietary tryptophan and tyrosine/
phenylalanine, followed by hepatic sulfation and reduced 
renal clearance in CKD. They engage oxidative stress 
pathways, activate transcription factors such as NF‑κB 
and aryl hydrocarbon receptor, along with triggering of 
persistent low-grade inflammation. This condition, in 
turn reshapes mineral homeostasis and skeletal–vascular 
remodeling (14). In parallel, disruption of canonical 
mineral-regulating hormones, like parathyroid hormone 
(PTH), fibroblast growth factor 23 (FGF23), Klotho, and 
vitamin D constitutes a second major axis of immune–
metabolic crosstalk. Previous authors found that, in early 
CKD, phosphate retention stimulates FGF23 secretion 
from osteocytes and osteoblasts, while declining renal 
function reduces Klotho expression, producing a state of 
FGF23 excess and Klotho deficiency that precedes overt 
hyperphosphatemia (15). Elevated FGF23 promotes 
phosphaturia and suppresses calcitriol synthesis, thereby 
contributing to secondary hyperparathyroidism and 
altered bone turnover, whereas Klotho deficiency is linked 
with vascular calcification, endothelial dysfunction, and 
accelerated vascular ageing (16). This hormonal milieu 
interacts with inflammatory cytokines and uremic toxins, 
forming a self-perpetuating network where immune 
activation aggravates mineral imbalance and vice versa 
(17). Several investigations is now detected, chronic 
inflammation as a central hallmark of CKD-MBD, driven 
jointly by uremic toxins, oxidative stress, gut dysbiosis, 
and metabolic acidosis (18). Monocytes, macrophages, T 
cells, and B cells exhibit a proinflammatory phenotype, 
secreting elevated levels of interleukin‑6 (IL‑6), tumor 
necrosis factor‑α, IL‑1β, and other mediators that act both 
systemically and locally in bone and vascular 
microenvironments (19). Pattern recognition receptors 
such as toll-like receptors and the NLRP3 inflammasome 
are activated by endogenous danger signals, bacterial 
products, and uremic toxins, further amplifying NF‑κB 
and inflammasome signaling (20). In bone, this milieu 
enhances osteoclastogenesis through up-regulation of 
receptor activator of nuclear factor κB ligand (RANKL) 
and down-regulation of osteoprotegerin, whereas in 
vessels it drives vascular smooth muscle cell (VSMC) 
osteogenic transdifferentiation and calcification (21). The 
crosstalk between immune and metabolic pathways in 
CKD-MBD becomes particularly evident when examining 
the bone–vascular axis. Pathological vascular calcification 
is no longer considered a passive precipitation of calcium–
phosphate but an active, cell-mediated process that shares 
key molecular signatures with bone formation, including 
induction of Runx2, bone morphogenetic protein 2 
(BMP2), alkaline phosphatase, and osteocalcin in VSMCs 
(22). High phosphate and uremic toxins synergize to push 
VSMCs toward an osteoblast-like phenotype by MAPK, 

NF‑κB, and Wnt/β‑catenin pathways, while inflammatory 
cytokines and FGF23/Klotho imbalance modulate the 
intensity and pattern of this transformation (22). At the 
same time, bone remodeling is perturbed across the 
spectrum from high-turnover secondary hyperparathyroid 
bone disease, to low-turnover adynamic bone, with both 
extremes contributing to altered calcium–phosphate 
handling and worsening vascular calcification (23). In 
fact, indoxyl sulfate and p‑cresyl sulfate exemplify how a 
single class of uremic solutes can simultaneously impinge 
on metabolism, immunity, bone, and vessels (13). 
Experimental models in rats with CKD have shown that 
continuous exposure to indoxyl sulfate or p‑cresyl sulfate 
at concentrations comparable to those seen in patients 
significantly increases calcification in the aorta and 
peripheral arteries, independent of further deterioration 
in kidney function. These toxins upregulate acute-phase 
response and coagulation pathways and are associated 
with disturbances in glucose metabolism and insulin 
resistance, illustrating the link between metabolic 
dysfunction, inflammation, and vascular damage (24). In 
vitro, indoxyl sulfate induces endothelial dysfunction, 
promotes VSMC proliferation, and upregulates bone-
related proteins, while p‑cresyl sulfate interferes with 
osteoblast function and enhances oxidative stress, 
demonstrating direct toxicity on both vascular and bone 
cells (25). Clinically, higher circulating levels of these 
toxins correlate with increased vascular calcification, 
cardiovascular events, and mortality in CKD, reinforcing 
their role as key mediators of immune–metabolic injury 
(26). Beyond protein-bound toxins, alterations in gut 
microbiota composition contribute additional 
proinflammatory and procalcific stimuli (27). Gut 
dysbiosis in CKD favors urease- and protease-producing 
bacteria, increasing the generation of indoxyl sulfate, 
p‑cresyl sulfate, and other gut-derived uremic toxins, 
while impaired intestinal barrier function allows 
translocation of endotoxin and microbial products into 
the circulation (28). These molecules engage TLR4 and 
other pattern recognition receptors on immune cells, 
endothelium, and bone cells, sustaining systemic 
inflammation and further modulating mineral and bone 
metabolism (29). The gut–kidney–bone–vascular axis 
thus emerges as an integrated system in which microbial 
metabolites, immune responses, and mineral hormones 
converge to shape CKD-MBD progression (30). 
Accordingly, the FGF23–Klotho axis exemplifies the 
endocrine arm of immune–metabolic crosstalk. In CKD, 
osteocytes markedly increase FGF23 production in 
response to phosphate retention, inflammation, and 
possibly to circulating uremic toxins (31). Elevated FGF23 
enhances urinary phosphate excretion and inhibits renal 
1α‑hydroxylase, thereby lowering calcitriol levels and 
promoting secondary hyperparathyroidism. At the same 
time, Klotho expression in the kidney and vasculature 
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declines, impairing FGF23 signaling specificity and 
leading to off-target effects in tissues that lack Klotho (17). 
Whilst the impact of FGF23 on vascular calcification 
remains debated, with experimental data suggesting both 
protective and deleterious roles depending on context and 
Klotho expression, Klotho deficiency itself is consistently 
associated with increased vascular calcification and 
vascular stiffness (32). Moreover, FGF23 can induce left 
ventricular hypertrophy independent of Klotho, providing 
an additional cardiovascular pathway linked to CKD-
MBD. Immune system activation intersects with the 
FGF23–Klotho axis at multiple levels (33). 
Proinflammatory cytokines like IL‑6 and tumor necrosis 
factor‑α enhance FGF23 transcription in bone cells, while 
FGF23 can modulate immune cell function and contribute 
to inflammation, creating a feed-forward loop (34). 
Klotho, conversely, exerts anti-inflammatory and 
antioxidative effects, and its deficiency amplifies NF‑κB 
activation and oxidative stress in vascular and renal 
tissues. This reciprocal regulation illustrates how 
metabolic hormones and immune mediators form 
interconnected networks rather than acting in isolation 
(35). Within bone, the immune–metabolic interplay 
drives characteristic patterns of remodeling. Recent 
studies found that, CKD-MBD is associated with increased 
RANKL and decreased osteoprotegerin in bone and 
circulation, promoting osteoclast differentiation and bone 
resorption (36). Moreover, PTH, which is often elevated in 
CKD, further stimulates RANKL production by osteoblasts 
and osteocytes, exacerbating high-turnover bone disease. 
Inflammatory cytokines in the bone microenvironment 
enhance RANKL/RANK signaling and suppress osteoblast 
maturation, linking systemic inflammation to local 
skeletal pathology (37). Uremic toxins such as p‑cresyl 
sulfate directly impair osteoblast function, reducing 
mineralization and promoting oxidative damage, which 
likely contributes to low bone formation rates seen in 
some CKD patients (38). The vascular compartment 
mirrors many aspects of skeletal mineralization, but in a 
maladaptive context. In CKD-MBD, VSMCs exposed to 
high phosphate, indoxyl sulfate, p‑cresyl sulfate and 
inflammatory mediators undergo phenotypic switching 
toward osteoblast-like cells, with increased expression of 
Runx2, BMP2, alkaline phosphatase, and other osteogenic 
markers (39). In the meantime, phosphate excess activates 
MAPK and NF‑κB signaling in VSMCs, while uremic 
toxins stimulate NLRP3 inflammasome and NF‑κB 
pathways, enhancing osteogenic gene programs and 
matrix mineralization (40). Experimental work has shown 
that inhibition of NF‑κB signaling, for example through 
zinc-induced up-regulation of the NF‑κB inhibitor 
TNFAIP3, attenuates phosphate-induced vascular 
calcification, highlighting the centrality of immune 
pathways in this process (41). Furthermore, immune cells 
themselves infiltrate the vascular wall and calcified 
plaques in CKD, producing cytokines, matrix 

metalloproteinases, and osteogenic factors that further 
fuel calcification (42). Macrophages can release 
extracellular vesicles rich in calcium and phosphate, which 
act as nucleation sites for calcification and modulate 
VSMC phenotype (43). More recent studies detected that, 
B and T cells contribute to this microenvironment through 
cytokine production and, in the case of B cells, through 
altered osteoprotegerin production. Thus, vascular 
calcification in CKD-MBD emerges as an immunologically 
active remodeling process, more analogous to ectopic 
bone formation than to passive mineral deposition (36). 
The metabolic dimension of this crosstalk extends beyond 
traditional mineral parameters. Insulin resistance and 
dysregulated glucose metabolism are common in CKD 
and are linked to both uremic toxins and inflammatory 
signaling (44). Long-term p‑cresyl sulfate exposure in 
CKD mice promotes insulin resistance and hyperglycemia, 
while indoxyl sulfate and p‑cresyl sulfate in CKD rats 
associate with glucometabolic pathway activation and 
arterial calcification. These observations position uremic 
toxins at the intersection of metabolic syndrome–like 
features and vascular pathology (24). Inflammation itself 
contributes to insulin resistance, creating another 
bidirectional loop in which metabolic and immune 
dysregulation reinforce each other (45). Taken together, 
these intertwined pathways generate a “perfect storm” in 
which uremic toxins, chronic inflammation, disrupted 
mineral hormones, and metabolic dysfunction converge 
on bone and vascular tissues (46-48). In the skeleton, they 
drive an imbalance between osteoblast and osteoclast 
activity, resulting in altered bone turnover, impaired 
microarchitecture, fractures, and abnormal calcium and 
phosphate release or uptake (13). In the vasculature, they 
foster VSMC osteogenic transformation, matrix vesicle 
release, extracellular matrix remodeling, and progressive 
vascular calcification that stiffens arteries, raises pulse 
pressure, and predisposes to left ventricular hypertrophy 
and ischemic events (49). Importantly, bone and vessels 
communicate indirectly through shared regulators: bone-
derived FGF23 and RANKL influence cardiovascular and 
immune function, while vascular calcification and 
stiffness feedback on renal hemodynamics and systemic 
blood pressure, accelerating CKD progression and further 
toxin accumulation (36). Hence, CKD-MBD as an 
immune–metabolic network rather than as isolated 
abnormalities in phosphate, calcium, or PTH has direct 
implications for therapy. Conventional approaches like 
phosphate binders, vitamin D analogues, calcimimetics, 
and dialytic strategies largely target mineral derangements, 
nevertheless their impact on systemic inflammation, gut-
derived toxins, and Klotho deficiency is limited (36,50). 
Accordingly, developing strategies aim to modulate 
upstream drivers; since, interventions that restore gut 
microbial balance or reduce indoxyl sulfate or p‑cresyl 
sulfate generation and absorption such as prebiotics, 
probiotics and adsorbents or low-protein diets with 
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adequate essential amino acids seek to attenuate uremic 
toxicity and inflammation at the source (51). In addition, 
pharmacologic manipulation of the FGF23–Klotho axis, 
including recombinant Klotho or antibodies targeting 
excessive FGF23, is under investigation to rebalance 
mineral metabolism while limiting off-target 
cardiovascular effects (28). At the vascular level, 
investigations are exploring agents that enhance 
endogenous calcification inhibitors like matrix Gla protein 
and fetuin‑A, antioxidants that mitigate oxidative stress–
driven calcification, and specific inhibitors of osteogenic 
signaling pathways in VSMCs (52). Likewise, in bone, 
tailored management of PTH levels and vitamin D status, 
avoidance of over-suppression of bone turnover, and 
consideration of anti-resorptive or anabolic agents in 
selected CKD patients may help preserve skeletal integrity 
and influence systemic mineral handling (53). More 
broadly, anti-inflammatory interventions, including 
stricter control of traditional cardiovascular risk factors, 
may confer dual benefits on both bone and vasculature by 
dampening the inflammatory component of CKD-MBD 
(36).

Conclusion
In conclusion, the pathophysiology of CKD-MBD extends 
far beyond traditional disturbances in calcium and 
phosphate homeostasis. Emerging evidence underscores 
a complex immune-metabolic crosstalk driven by the 
accumulation of uremic toxins and chronic systemic 
inflammation. This review highlights how protein-bound 
uremic toxins, such as indoxyl sulfate and p-cresyl sulfate, 
act as pivotal mediators that exacerbate inflammatory 
signaling, disrupting the bone-vascular axis. The 
dysregulation observed is not merely passive but an active 
process where immune cell metabolism influences vascular 
calcification and bone demineralization simultaneously. 
Macrophage polarization and T-cell activation, fueled by 
metabolic reprogramming, contribute to an osteogenic 
switch in VSMCs while suppressing osteoblast function. 
Consequently, the clinical phenotype of concurrent 
vascular stiffening and skeletal fragility emerges as a 
direct consequence of this inflammatory-metabolic 
nexus. This confirms that vascular calcification and 
renal osteodystrophy are intertwined manifestations of 
the same underlying immune-metabolic disturbance. 
Therapeutically, these insights necessitate a paradigm 
shift. Managing CKD-MBD requires strategies that target 
the upstream drivers of immune-metabolic dysfunction, 
rather than solely correcting mineral levels. Potential 
interventions include enhanced toxin removal, specific 
anti-inflammatory agents, and metabolic modulators. 
Future research must prioritize delineating specific 
molecular pathways within this crosstalk to identify 
precise therapeutic targets. Ultimately, recognizing CKD-
MBD as a systemic inflammatory-metabolic syndrome 
offers a promising avenue for reducing the excessive 

cardiovascular morbidity and mortality that define 
this condition. By integrating immunometabolism into 
clinical frameworks, we pave the way for more holistic, 
mechanism-based interventions that improve long-term 
survival and patient quality of life.
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